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ABSTRACT

The environmental impacts of genetically modifi&M) crop plants such as BBgcillus
thuringiensi$ maize have not yet been fully assessed in SoftrihaA Bt maize designed
to express Bt endotoxin for control Blisseolafusca(Fuller) (Lepidoptera: Noctuidae)
and Chilo partellus (Swinhoe) (Lepidoptera: Crambidae) is planted ppraximately
1.103 million hectares in South Africa. The monitgr of GM crops after release is
important in order to assess and evaluate posshigronmental effects. No risk
assessment for Bt maize was done in South Afridarédts release in 1998 and no
targeted post-release monitoring of possible r@st& development or impact on non-
target species have been done. Awareness hasimisgouth Africa through research
highlighting the possible effects GM crops may haVvhe aim of this study was to
determine, through feeding experiments, the effe€tBt maize on selected non-target
Lepidoptera, Coleoptera and Diptera species thatiroshr maize agro-ecosystems in
South Africa. Results provide information for usefuture risk assessment studies on Bt
maize and indicate which species could possiblyobemportance in post-release
monitoring of Bt maize. Priority insect species evéentified and laboratory- and semi-
field experiments were conducted to evaluate tfecebf Bt maize on these species. In
the light of the reportedly lower toxicity of Bt nza to certain noctuid borers, the effect
of Bt maize was evaluated @esamia calamistifHampson)Agrotis segetumDenis &
Schiffermdller), and Helicoverpa armigera (Hubner). Feeding studies were also
conducted to determine the effect of Bt maize om-tamget Coleoptera, i.e.
Heteronychus aratorFabricius (Coleoptera: Scarabaeidae) &umaticusangulatus
(Fahraeus) (Coleoptera: Tenebrionidae). The etfertdirect exposure of the stem borer
parasitoid Sturmiopsis parasitica(Curran) (Diptera: Tachinidae) to Bt toxin was
evaluated to determine if there is aeffect when it parasitizes Bt-resistat fusca
larvae that have fed on Bt maize. Results fromstiugly conducted witls. calamistis
indicated that Bt maize of both events (Btll and N8@0) were highly toxic tcS
calamistis The behavioural characteristic &fcalamististo feed behind leaf sheaths and
to enter stems directly did not result in escapexpiosure to the toxin. Larval feeding on

leaf sheaths therefore resulted in the ingesticgufifcient toxin to kill larvae before they



entered maize stems. Results showed that the efffé€rny1Ab toxin on the biology oA.
segetunlarvae and moths were largely insignificant. WHedves were observed to be
an unsuitable food source fb. armigeralarvae and larval growth was poor. No larvae
survived to the pupal stage on any of the Bt méaieatments. When feeding on maize
earsH. armigeralarval mass increased on non-Bt maize whereasgrease occurred on
Bt maize.The feeding study conducted with Coleoptera shotted the effect of Bt
maize onH. arator andS. angulatuswas insignificant and no differences were observed
in any of the parameters measured for the two epeéilthough not always significant,
the percentage parasitism of Bt-consuming hosakabyS. parasiticawas always higher
compared to host larvae that fed on non-Bt maizeould be that Bt toxin affectB.
fuscafitness to such an extent that the immune systdrhsst larvae were less effective.
The different parameters tested f8r parasitica indicated only one case where fly
maggots originating from diapause host larvae fegdin non-Bt maize had a greater
mass compared to host larvae that fed on Bt mdike.same applied t8 parasitica
pupal length. For other parameters tested there wersignificant difference§Sesamia
calamistisis stenophagous and occurs in mixed populatiotis @ther borer species. It
was therefore concluded that the ecological imp&docal extinctions ofS. calamistis
caused by Bt maize is not expected to be greamdze will most likely not have any
significant effect on the control &. segetunmunder field conditions. The feeding study
conducted withH. armigera quantified the effects of Bt maize on this specesl
provided important information on the potential Bff maize as protection against this
polyphagous pest. However, the likelihood l8f armigera becoming an important
secondary pest is high. It can be concluded treaCity1Ab toxin targeting lepidopteran
pests will not have adverse effectstnarator or S. angulatus Although some adverse
effects were observed dd parasiticamass and pupal length it is most likely that this
will not contribute to adverse effects in the fielout that there rather be synergism
between Bt maize andl parasitica An ecological approach was followed in which the
potential effects of exposure of priority specieBt toxin in maize was investigated. A
series of selection matrixes were developed in wheach of the above mentioned
species was ranked for its maximum potential exmoda Bt toxin by assessing it

occurrenceabundancepresenceandlinkage in the maize ecosystem. Through the use of



these selection matrixes, knowledge gaps wereifazhfor future research and to guide
the design of ecologically realistic experimenthisTstudy contributes to knowledge
regarding the possible effects of Bt maize on tlestneconomically important non-target
pests in South Africa. There is, however, a needviluate other non-target species in
feeding studies, as well as in field studies. Ftbrs study it can be concluded that some
species can be eliminated from further testingesiBtmaize had no adverse effect while

more research have to be conducted on other species
Keywords: Agrotis segetum Bt maize, ecological modelHelicoverpa armigera

Heteronychusrator, non-target species, risk assessm@agamiaalamistis Somaticus

angulatus Sturmiopsigarasitica
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OPSOMMING

Titel: Die reaksie van geselekteerde nie-teiken Lepidapt&oleoptera en Diptera
spesies op CrylAb proteien uitgedruk deur gengeesedifiseerde mielies

Die omgewingsimpak van geneties-gemodifiseerde (G&)asse soos Bt mielies is nog
nie volledig in Suid-Afrika ondersoek nie. Bt madi is ontwikkel om Bt-endotoksiene
uit te druk vir die beheer vadusseoldusca(Fuller) (Lepidoptera: Noctuidae) &hilo
partellus (Swinhoe) (Lepidoptera: Crambidae) en word op wege 1.103 miljoen
hektaar geplant in Suid-Afrika. Die monitering v&G gewasse na die kommersiéle
vrystelling daarvan is belangrik om sodoende mamttmgewingseffekte waar te neem.
Geen risiko-analise vir Bt mielies is in Suid-Afailgedoen voor die vrystelling daarvan
in 1998 nie en geen gerigte post-vrysteling momte vir moontlike
weerstandsontwikkeling of impak op nie-teiken spess gedoen nie. Bewustheid van
moontlike effekte wat GG gewasse kan hé, het oslaegs begin opvlam in Suid-Afrika.
Die doel van die studie was om die effek van Btlieseop geselekteerde nie-teiken
Lepidoptera, Coleoptera en Diptera spesies vasetenat kan voorkom in die mielie-
agro-ekosisteem, deur gebruik te maak van voeddgperimente. Die resultate
voorsien inligting vir die gebruik in toekomstigesiko-analises op Bt mielies. Prioriteit
insekspesies is geidentifiseer en laboratoriunsesni-veldeksprimente is gedoen om die
effek van Bt mielies op hierdie spesies te evalukedie lig van die gerapporteerde laer
toksiese effek van Bt mielies teen sekere Noctugesies, is die effek van Bt mielies op
Sesamia calamistis(Hampson), Agrotis segetum (Denis & Schiffermiller) en
Helicoverpa armigera (Hubner) geévalueer. Voedingstudies is ook gedoest
Heteronychus aratorFabricius (Coleoptera: Scarabaeidae) ®omaticusangulatus
(Fahraeus) (Coleoptera: Tenebrionidae) om die effak Bt mielies op die nie-teiken
Coleoptera-spesies te bepaal. Die parasit&iedmiopsis parasitic{Curran) (Diptera:
Tachinidae) is ook geévalueer om die effek te blewaaneer dit Bt-weerstandbiedende
B. fuscalarwes, wat gevreet het op Bt mielies, parasité&sultate van die studie niet
calamistishet getoon dat Bt mielies van altwee uitkomstesdIBen MONS810) uiters

toksies is vir hierdie spesie. Die gedragseienskap S. calamistis om agter die
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blaarskede te voed en dan die stam direk te pemdtet nie gelei tot die ontsnapping van
toksiene nie. Larwes wat op die blaarskede gevetdshdéem dus genoeg toksiene in om
gedood te word voordat die stam binnegedring wBekultate wys dat die effek van
CrylAb toksiene op die biologie vaA. segetumlarwes en motte grootliks nie-
betekenisvol is. Dit is gevind dat kelkblare niegeskikte voedingsbron vii. armigera
larwale ontwikkeling is nie aangesien larwale okkeiing swak was. Geen larwes het
tot die papiestadium oorleef op Bt mielies nie.iémdH. armigeralarwes op mieliekoppe
gevoed het, het hul massa toegeneem op die ni@ppek maar geen toename is
waargeneem op Bt-koppe nie. Voedingstudies hetogettat daar geen betekenisvolle
effek van Bt mielies op die Coleoptetd arator en S. angulatus was nie. Geen
betekenisvolle verskil is waargeneem in enige vienpdrameters wat gemeet is vir die
twee Coleoptera-spesies nie. Al was daar nie attymktekenisvolle verskil nie, was die
persentasie parasitisme v&nparasitica op die gasheerlarwes wat gevreet het op Bt
mielies altyd hoér in vergelyking met gasheerlarmed gevoed het op nie-Bt mielies.
Dit kan wees dat Bt-toksieri® fuscalarwes so beinvlioed dat die immuunstelsel van die
gasheerlarwes minder effektief is. Die verskillem@d@ameters wat vis parasitica ge-
évalueer is toon slegs een geval waar vliegmaai&mnsig van diapouse-gasheerlarwes
wat gevoed het op nie-Bt mielies ‘n groter masdaabalié afkomstig van gasheerlarwes
wat gevoed het op Bt mielies. Dieselfde tendensnet S parasitica papielengte
waargeneem. Vir die ander parameters is geen besedle verskille waargeneem nie.
Sesamiacalamistisis ‘n stenofage spesie en kom in gemengde pojslasiet ander
stamboorderspesies voor wat tot gevolg het dat efielogiese impak van lokale
uitwissing deur Bt mielies vermoedelik nie grootwaes nie. Bt mielies sal waarskynlik
nie ‘n betekenisvolle effek op die beheer varsegetunonder veldtoestande hé nie. Die
voedingstudies meH. armigera het die effek van Bt mielies op hierdie spesie
gekwantifiseer en voorsien belangrike inligting abe potensiaal wat Bt mielies bied
teen vreetskade van hierdie plaag. Die moontikidatlH. armigera ‘n belangrike
sekondére plaag kan word is egter groot. Die genellging wat uit hierdie studie
gemaak word is dat CrylAb proteien wat Lepidopteileen nie ‘n negatiewe effek sal hé
op H. arator of S. angulatusnie. Daar is sekere negatiewe effekteSoparasiticamassa

en papielengte waargeneem, maar dit is hoogs oslwadik dat dit sal bydra tot
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negatiewe effekte in die veld. Daar mag dalk eefdesinergistiese effek tussen Bt
mielies enS. parasiticawees. In hierdie studie is ‘n ekologiese benadegevolg waarin
die potensiéle effek van blootstelling van priatispesies aan Bt-toksiene in mielies
ondersoek is. ‘n Reeks seleksie-matrikse is ontalikkaarin elkeen van die bogenoemde
spesies gerangskik is volgens maksimum potenslétedstelling aan Bt- toksiene deur
evaluering van verspreiding, volopheid, teenwodrdig en skakeling in die mielie-
ekosisteem. Deur die gebruik van die seleksie-ke#riis leemtes geidentifiseer vir
verdere navorsing en om leiding te gee in die dikeling van verdere ekologiese
realistiese eksperimente. In hierdie studie is sslegkele ekonomies-belangrike nie-
teikenspesies ge-evalueer wat moontlik deur Btiesajeaffekteer kan word. Daar is ‘n
noodsaaklikheid om ander moontlike nie-teiken s evalueer vir moontlike effekte.
Uit hierdie studie kan die gevolgtrekking gemaakrdvdat sommige spesies uitgeskakel
kan word van verdere evaluering, aangesien resulidt voedingstudies toon dat Bt
mielies nie ‘n negatiewe effek het nie. Die teegestelde is egter ook moontlik waar
sekere negatiewe effekte waargeneem word en wadengestudies nodig is om tot ‘n

gevolgtrekking te kan kom.

Sleutelwoorde Agrotis segetum Bt mielies, ekologiese moddHelicoverpaarmigera
Heteronychusarator, nie-teiken spesies, risiko-analiseesamiacalamistis Somaticus

angulatus Sturmiopsigarasitica
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CHAPTER 1: Introduction and literature review

1.1. Introduction

Genetically modified (GM) crops are here to stay2008 the global area of transgenic
crops reached 800 million hectares (James, 2008).qUestion is therefore not goow

or not to grow GM crops, but how to manage the afséransgenic crops. Scientists
recognize the benefits of GM crops, but also nlo&t teleases into the environment could
have adverse impacts under some circumstanceshanefdre urge continued science-
based assessment of benefits and risks (Bleat@., 1999; Barton & Dracup, 2000;
Sharmaet al, 2000; Hill & Sendashonga, 2006). Although GM pgohave many
advantages, it also has like any other pest managietachnology some disadvantages.
The most important advantage of GM crops is theiegdn in the use of insecticides.
This reduction in the number of insecticide appi@mas result in economic benefits to
farmers (Cannon, 2000; Meeusen & Warren, 1989; inNgitam, 2002) and is also
beneficial to the environment. A GM crop that is rexdarget specific can be an
alternative for widespread application of broadespan insecticides that result in high
insect mortality (Musser & Shelton, 2003). Targestpresurgence is a phenomena often
observed after insecticide applications, which afswe substantial and deleterious
impacts on the natural enemy complex (Armegital, 2003; Deedat, 1994; Eckext al.,
2006).

The first and most important disadvantage that a €&p may have is the non-target
effect on the environment. Transgenic crops arentwrently harmful; they only present
problems where the new traits, or combinationgaifd, made possible by modern gene
technology producing unwanted effects in the emrment. Different genetically
engineered crops will present different problemgeteling on the new genes they
contain, the characteristics of the parent croptaedegion (environment) in which they

are grown (Rissler & Mellon, 2000). If such probkem@rise it could open a whole new



dimension on the unexpected impacts of transgemigscon non-target organisms that

play key or sometimes unknown roles in the ecosyg#dtieri, 2004).

Ecological interactions are complex, and adversgir@mmental impacts may be

experienced along food chains and throughout etasygs(Nottingham, 2002). Because
the number of crops and genes is so large anddvaidentifying and categorizing

potential risks of transgenic crops remains a ehgk (Rissler & Mellon, 2000). The
push for “monoculture crop” uniformity will not opldestroy the diversity of genetic
resources, but also disrupt the biological compyethiat underlies the sustainability of
indigenous farming systems, for example, on theicAfrcontinent. There are many
unanswered ecological questions regarding the impfa@leasing transgenic plants and

microorganisms into the environment (Altieri, 2004)

Another potential disadvantage is that biotechnplogy being pursued to repair the
problems caused by previous agrochemical techredogdased on the fact that more
than 500 species of pests have already evolvedtaase to conventional insecticides,
surely pests can also evolve resistance to Bt $axirGM crops (Altieri, 2004). This was
confirmed by the first report of field resistangethe stem boreBusseola fuscé-uller)
(Lepidoptera: Noctuidae) to Bt maize in the Chaist region of South Africa (Van
Rensburg, 2007).

Ecological risk should be assessed before GM cavpseleased into the environment.
To say whether there are risks, ecologists needaike comparisons with and without a
GM crop. This comparison with the existing situatics particularly important in
agricultural ecosystems, as modern farming metthade already had a large impact on
biodiversity. Experiments of this type are scarnd aostly laboratory-based or small-
scale field studies where no ecological data itectdd. Nevertheless, a larger picture is
starting to emerge, from which a framework for ass®y risk can be developed.
Although the risks in many cases are relativelylgrttzere is potential for a wide range
of direct and indirect ecological effects that @buesult from release of GM crops.

Identifying ecological risks at an early stagehisrefore important (Nottingham, 2002).



1.2. GM crops in Africa compared with global statusof commercialized GM crops

During 2008, the global area of GM crops contindedgrow strongly reaching 125
million hectares, up from 114.3 million hectares2007 (James, 2008). In 2008, the
number of countries growing GM crops increased 3pahd comprised 15 developing
countries and 10 industrial countries. These 25nt@ms growing GM crops in
descending order of hectares are the USA, Argentdrazil, India, Canada, China,
Paraguay, South Africa, Uruguay, Bolivia, Philipgsn Australia, Mexico, Spain, Chile,
Colombia, Honduras, Burkina Faso, Czech Republiom&nia, Portugal, Germany,
Poland, Slovakia and Egypt (James, 2008). The dgroate between 1996 and 2008 was
an unprecedented 74-fold increase making it thiesagdopted crop technology in recent
history. Significant progress was made during 2D0&frica, with an increase from one
country in 2007 to three countries in 2008, withutBoAfrica being joined by Burkina
Faso and Egypt as the only countries on the camtitieat has approved release of GM
crops. South Africa was ranked number eight inwheld with a total of 1.8 million
hectares grown to GM crops in 2008. Genetically ifiredi maize, cotton and soybean are
grown in South Africa and the cropping area cordumly increased since the first
plantings in 1998 (James, 2008). Accordingly, BogkFaso grew 8 500 hectares of Bt
cotton for seed multiplication before initial commialization took place and Egypt grew
700 hectares of Bt maize for the first time in 2008ring December 2008, Kenya, a
pivotal GM crop country in east Africa, enactediadafety Law, which will facilitate the

adoption of GM crops (James, 2008).

1.3. Event MON810 and Bt1l1 commercialized in SoutAfrica

Events MON810 (Monsanto) and Bt 11 (Sygenta) ageottly two Bt maize events that

have been approved for release in South AflM@NS810 was the first event released and
hybrids containing it was planted in 1998 (first Blize that was planted in South
Africa) (Van Rensburg, 2007). Bt 11 was only apgavor release and planted for the



first time during the 2006/07 growing season. Stagkof event MON810 with the
Round-up-Ready gene for herbicide tolerance has been approved and hybrids

released in South Africa.

Before understanding the concept of different evame must know what an event is.
Briefly, the transgene is constructed into a plasnwhich is absorbed onto micro-
projectiles that are shot into plant cells, theivideed DNA elutes from the micro-
projectiles and is integrated into the plant genogreating a transgene locus. After
transformation, plant cells are selected, usuatigdby a selectable marker gene, and the
transformed cells are regenerated into whole plarnsformed plants are selected for
the target trait, and then incorporated into plaeeding programmes, where commercial
varieties can be produced. A transgenic lineageetfrom a single transformed cell is

referred to as a transformation “event” (Andetial, 2004).

Bt 11 was commercialized by Syngenta. It has ompy ©f a truncated Cry1Ab gene with
the cauliflower mosaic virus (CaMV) 35S promotehisTgene is not truncated down to
the active CrylAb toxin, but is shortened from tnigginal bacterial gene. The marker is
a phosphinothricin herbicide resistance gene, wihéchegulated by the CaMV 35S
promoter, and the event has an intron of the malezehol dehydrogenases 1S gene to
facilitate expression in maize (Andow, 2002).

Event MONB810 has not been adequately describedeirptiblic literature, lacking both
detailed characterization of the toxin and a ptieids linkage map (Andow, 2002).
MONS810 was commercialized by Monsanto and was fdrnfimm two different
constructs. It contains at least one copy of actted CrylAb gene with the CaMV 35S
promoter. This gene is not truncated down to thevecCrylAb toxin, but is shortened
from the original bacterial gene. Although the orad gene is the same truncated gene
that was used to produce Bt 11, it is further reduin size in MON810. The number of
gene inserts in MONB810 is not specified, and theerdity of expression products may

indicate that there is more than one. The markers@ll, an antibiotic-resistance gene,



and a glyphosate herbicide-resistance gene, witkpaegified promoters. Expressed

products ohptll are not detected in maize plants (Andow, 2002).

The different events can result in phenotypic défeees in expression of activat€dy
toxin in different maize hybrids. Bt 11 and MON8h@ve similar, but not identical,
levels of expression in the whole plant (Table YAndow, 2002). This similarity was
expected because these events share a similaratedncry gene and use the same
promoter, but the differences suggest real diffeesnn the expression. Seed companies
should recognize and publish the linkage maps atalld of the structure of the toxins in
their events (Andow, 2002).

Expression of Bt toxins in maize is often citedhe literature to be constitutive, meaning
that expression occurs in all tissues at all tifimstton et al, 2003). This is misleading
since different promoters have been used for tm®ws commercial maize hybrids and
these different hybrids have been shown to expigfgsent amounts of toxin in different
plant tissues (Table 1.2) (Dutt@t al, 2003). It seems that the mortality level of &rg
pests that could be expected depends on the tpxtitifferent Bt maize varieties. In
laboratory assessments conducted by Van RensbO@l)2in whichB. fuscalarvae
were force fed on a hybrid containing MONB810, tesults obtained with stem tissue
during the early vegetative stages indicated that stems of Bt maize contained
sufficient levels of protein to ensure effectiventol. In a review on risks and
management of Bt maize in Kenya, Fét al (2004) indicated that the toxicity of
currently available Bt maize varieties in that coyrwas considered to be low and that
toxicity depended on the event used. The expresigoeels of Bt toxin in different
varieties containing the same event therefore seewary, although the expression of
that event was high in the mother line. These dspesed careful consideration in risk

assessments and decisions pertaining to the redé&temaize varieties.



Table 1.1.Comparison o€ry toxin expression in some transgenic Bt maize tiasg Andow & Hilbeck, 2004b).

Molecular weight of transgene product

Event and company Promoter Transgene expressed in plant (kilodaltons)
176 (Syngenta) PEPC and POL (Pollen-specific promoter) Cry1Ab (synthetic) 65*
Bt 11 (Syngenta) CaMV35S (modulated by IVS6 intron) CrylAb (truncated, synthetic) Possibly 65**
MON810 (Monsanto) CaMV35S (enhanced; modulated by HSP70 intron) CrylAb (truncated, synthetic) 91
CBH 351 (Aventis) CaMVv35Ss Cry9C (truncated, N-, C-terminal) | 68 (can be partially degraded to a 55-kDa form)
DBT 418 (Dekalb) CaMV35S (two copies octopine synthase enhancer CrylAc 66

and introns)

*  Three immunoreactive proteins weighing appmeaiely 60, 40, and 36 kilodaltons were also detkittdeaves, but not in pollen.
** The CrylAb toxin extracted from maize leaf tigsdisplays characteristics and activities simitathibse produced iBscherichia coltransformed to produce
CrylAb. The purified tryptic core proteinsifindoth plant and microbe were shown to be similanolecular weight by SDS-Page.

Table 1.2.Expression o€Cry toxin in different parts of Bt maize plants (mg(&ndow, 2002; Duttoret al,, 2003).

Event Grain Leaf Stem Pollen Pith Root Whole plant
Event 176 0.05 2.8-4.4 0.08 7.1 0.08 0.6
Bt 11* 1.4 (kernel) 3.3 Not detected | < 0.09 (pollen dry weight) 2.2-37.0 (protein) | 6.3
MONB810* 0.19-0.39 (grain) | 10.34 Not detected | < 0.09 (pollen dry weight) Not detected 4.65
CBH 351 18.6 (kernel) 44 2.8 0.24 2.8 25.9 250
DBT 418 43 1.2 Not detected 0.15-1.0

Note All values are expressed per fresh tissue weiglgss otherwise noted.

* Events commercialized in South Africa.




1.4. Models for assessing the risks of transgenimops

Risk assessment is a process by which risks angifieel and the seriousness of the risk
is characterized so that decisions can be madehmther or how to proceed with the
technology (Andow & Hilbeck, 2004b; Hillbeckt al, 2006). There are different
opinions of how to assess the risk of transgenopsr but one thing they all have in
common is that possible effects must be identifiddee approaches are largely used for
assessing risks of genetically modified plants.sehare the ecotoxicology model, non-

indigenous-species model, and the ecological m@dsddle 1.3.).

The ecotoxicological modedims to evaluate the potential non-target effettshemicals
released into the environment and has been suggiestese in evaluation of non-target
species effects of GM crops (Andow & Hilbeck, 20P4aniversal indicator species are
chosen because of their supposed sensitivity toniaé toxins, their wide availability,
their ease of culture, and their genetic unifornf@hapman, 2002). Eckeet al (2006)
suggested identifying indicator organisms and dgyaly simple methods that combined
suitability and cost effectiveness for ecologidakrassessment under field conditions.
Such species are supposed to provide informatiaieiikely effects of the chemical on
a wider range of species (Andow & Hilbeck, 2004d)e most serious problem with this
approach is that it is not consistent with the needcase-by-case risk assessment that
considers the relevant transgene, crop plant, anwifaament. In the ecotoxicology
model, the primary end point is mortality or sonteep acute response from short-term
exposure to the chemical. These responses, howewesl little about other ecological
impacts at the population, community or ecosystewell (ElImegaard & Jagers op
Akkerhuis, 2000).

Private companies that develop GM crops usualliythes effect of these crops on non-
target species by identifying indicator specieshsas honey bees, green lacewing,
parasitic Hymenoptera, ladybird beetleBaphnia earthworms and Collembola
(AGBIOS, 2007). However, using earthworm for ex&nps an indicator species is not

of much value because temperature and moisture sedr@ the main inducing factors



(Reinecke & Ryke, 1972), where temperature and ton@sare not sufficient earthworms

will not be present. In South Africa it has beepamted that earthworms are not too

likely to be found in maize fields because the terapure and moisture is not suitable.

This is the kind of mistake that can be made if ¢ésetoxicological model is used for

assessing the risk of GM crops.

Table 1.3.Comparison of three models for assessing the akksnsgenic plants to non-
target organisms (Andow & Hilbeck, 2004b).

Ecotoxicology model

I

Non-indigenous-species

model

Ecological model

Species selection criteria

Indicator species

Species at risk and other

non-target species

Representatives of functional

groups

End point

Acute toxicity

Invasiveness

Fitness

Clarity and measurability

Exposure within individuals
Exposure across
generations

Clear and measurable

Short-term exposure
No cross-generation

exposure

Difficult to measure,
estimated by expert opinion
Long-term exposure
Considers long-term

exposure across generations

Clear, but requires careful
experimentation

Long-term exposure
Fitness can be extrapolated
across generations

Test methodology

Single-chemical, dose-

response assay

Synthesize expertise

Exposure to whole plant and

single-chemical assay

Repeatability and
consistency

Relevance to risk

Relation to decision making
process

Repeatable and
consistent

Not very relevant
Linked, weak scientific

justification

Possibly repeatable and
consistent

Relevant

Often linked

Repeatable and consistent

Relevant
Can be linked

Although acute toxicity testing of the transgenedurct in the laboratory should be part

of initial testing of GM crops, it is insufficierid ensure accurate decision making in risk

assessment. It will also be critical to abandonube of universal indicator species and

develop a species selection process that allowsssessment to adapt on a case-by-case

basis to the particularities of the transgene, gutgmt, and environment in which the

transgenic plant will be used (Andow & Hilbeck, 2.

The non-indigenous-species modes been repeatedly proposed as a useful model for

understanding the environmental effects of transgerops, but little consideration has




been given to the applicability of the risk assemstmmethods (Andow & Hilbeck,
2004b). The risk assessment is initiated by idgnigf a commodity involved in
international trade. The next step is identificatmf all non-indigenous species that are
associated with the commodity and which may poseranronmental risk as potential
pests in the country of importation. The only narget species risks that are evaluated
using this model are potential plant pest risks déw & Hilbeck, 2004b). When
assessing the possible impact of transgenic crivopsill probably be insufficient to
consider only potential plant pest risk.

Species selection based on erological modelas suggested by Andow & Hilbeck
(20044, b), and Hilbeckt al (2006) is case specific, depends on the transgeap and
its cropping context, and prioritizes species tbatild be adversely affected by the
transgenic crop. Species selection follows cersééps: (1) identification and screening
for appropriate functional groups of biodiversif®) list and prioritize non-target species
and processes for use in a selection matrix, (®hically mediated exposure path ways
to transgenic plant and trans-gene products, (4¥¢rad effect scenarios for trophically
mediated and other ecological effects, and (5)ingshypotheses and experimental
designs to test for adverse effects (Hilbethl, 2006).

An appropriate experimental end point when usirggebological model is generational
relative fitness which comprises the relative lifed survival and reproduction of the
non-target species. Survival experiments on theigpehat will be exposed to transgenic
plants should last through one full generationluding all the immature stages (Andow
& Hilbeck, 2004b). Generational relative fitness asparticularly useful end point,
because it relates directly to risk. If the tramsgeplant adversely affects a non-target
species, its effects will come through some compbnef relative fithess. Two
methodologies are needed to provide adequate iatoym for non-target risk
assessment. First, the methodology of the ecottibgganodel should be modified to use
long-term exposure of the transgene product totdéisé species, mimicking potential
exposure in the environment. The second methodollgizh follows on this is the

“whole plant” method. This method evaluates the&# of the transgenic plant, which



may be greater than the isolated effect of thestzane product (Andow & Hilbeck,
2004b). The use of the ecological model is thusntlest appropriate to asses the risk of
transgenic crops. In a study conducted by Van Mkl (2007) the ecological model
was used to identify priority Lepidoptera species maize in South Africa. In this
ecological model priority non-target Lepidopteraaps were identified for monitoring
as well as further research, to determine the eféécBt maize on these non-target

species.

1.5. Concerns related to GM crops in South Africa

Concerns have been raised that environmental impaote not yet been fully assessed
for genetically engineered crop plants such as &ize Bt maize designed to express Bt
endotoxin for control ofB. fusca and Chilo partellus (Swinhoe) (Lepidoptera:
Crambidae) is planted on approximately 1.103 milleectares in South Africa (Gouse
al., 2009). The monitoring of GM crops after releasémportant in order to assess and
evaluate possible environmental effects (Lang, 20@male & De Groote (2003)
suggested that diagnostic research of transgeopsds important before rather than after
release. The lack of a pre-release risk assesswier@M crops and post-release
monitoring as suggested by Andow & Hilbeck (200dah become a future problem in
South Africa. No risk assessment for Bt maize @are in South Africa before its
release in 1998 and no post-release monitoringogkiple resistance development or
impact on non-target lepidopterans have been dBeeently awareness of biosafety
issues increased in South Africa through highliggptine possible effects GM crops can
have (Krugeret al, 2009; Van den Bergt al, 2007; Van Wylket al, 2007; Van Wylet

al., 2008).

Pest management can have substantial impacts oarget species both within and
outside the units being managed (Duttdral., 2003). Assessment of these impacts is
hampered by the lack of even the most basic clstclifi the species present in most

systems (Losegt al., 2003). The first step towards a comprehensigeahmanagement
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program that would provide adequate pest suppmessitaintenance of ecological
services, and minimal impact on rare species i®taildd assessment of which insect
species are likely to exist in the managed systémfiortunately, this baseline accounting
of insect species is lacking for almost every madagystem (Losewt al., 2003). In
South Africa, research conducted by Van Wyk (2GQ8ited to address this issue.

Although there are few data on the ecological rollesost Lepidoptera in maize, it has
been documented across several systems that nfadgpéeran species contribute to the
biological control of important weed species, ahdyt provide alternate prey for the

natural enemies of important pests (Losegl., 2003).

In South Africa Bt maize events MON810 (Monsante)d aBt 11 (Syngenta) are
commercialized. Both these events express CrybAkaves and pollen (Duttaet al.,
2003). Studies were conducted on target speci& ofaize (Van Rensburg, 2001), but
no evaluation of the effect of Bt maize have beendacted on non-target species in
South Africa (Van Wyk, 2006). Furthermore, no cHiestkof non-target insect species
that might be affected by Bt maize through feedinghe plant or by ingesting Bt pollen
have been compiled in South Africa. Dutteiral. (2003) suggested that laboratory, semi-
field and field studies should be conducted onctetk species, and, if these studies

should show any effect, risk management must tédaep

Studying the effect of Bt maize at the third traphevel is also of importance in the
assessment of their possible ecological risks. ®@nuiental risks are most easily
assessed after damage has occurred, yet risk m&sgss useful for decision making
only when the risks are assessed before damagallgcticcurs (Andow & Hilbeck,
2004b).

As pointed out by McGeoch & Rhodes (2006), the qmols and guide lines for risk
assessment of GM crops in South Africa has yetetaéveloped. Since Bt maize has
already been released in South Africa this study f&ld research on Bt maize (Van

Wyk et al, 2008) largely contributes to focusing post-reeanonitoring of potential
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ecological impact, and possible risk assessmentutare release of other Bt events in
South Africa and the rest of AfricaAlthough Bt maize is considered as an
environmentally friendly alternative to insecticddéMeeusen & Warren, 1989; Cannon,
2000), concerns have been raised that there magberse effects of Bt maize use on
non-target lepidopterans (Meeusen & Warren, 198#qigtit et al., 2000; Lang, 2004,
Birch etal., 2004) and their consumers (Peacet#l., 1998; Duttoretal., 2003; Andow

& Hilbeck, 2004a; Lovei & Arpaia, 2005).

1.5.1. Non-target insects feeding on Bt maize

The risks that transgenic crops pose to non-tanggtnisms need to be addressed as part
of the environmental risk assessment that precdgesommercialization of any novel
transgenic crop (Romeet al, 2006; Romeigt al, 2008). Like conventional agricultural
pest control products, one of the risks associai#il the growing of transgenic crops is
their potential impact on non-target organismsudulg a range of arthropod species that

fulfill important ecological functions (Romeet al, 2006).

It has been estimated that there are over 250reliffeexposure pathways by which a
transgene product or its metabolites could affesé@ndary consumer, of which only a
few are direct effects of the transgene productd@m & Hilbeck, 2004a). Although this
complexity can make testing and assessment diffianlcertainty can be minimized by
selecting appropriate species, and by conductinigsa tests to produce meaningful
crop specific results (Duttoet al., 2003). Van Wylket al. (2007) identified several non-
target lepidopteran species as important and wiscHirectly exposed to Bt maize
through feeding on different plant parts. Thesecisewere suggested as high-priority
species for use in risk assessment studies. Theseles can be classified in the
functional group of non-target primary consumergjolv constitutes herbivore species
that are not the target of the transgene but fdedstly on the GM crop. The following
lepidopteran species was recognized as importantVap Wyk et al (2007):
Acantholeucania loreyfNoctuidae) Agrotis segetuniNoctuidae),B. fusca(Noctuidae),
C. partellus (Crambidae), Eublemma gayneri(Noctuidae), Helicoverpa armigera

(Noctuidae) Sesamia calamistidNoctuidae), andpodoptera exigugNoctuidae).
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1.5.2. Effect of Bt pollen on non-target Lepidoptea

Loseyetal. (1999) demonstrated that exposure to Bt maiziepalan cause mortality in
neonate monarch caterpillai@anausplexippusLinnaeus (Lepidoptera: Nymphalidae).
Despite the fact that the authors cautioned thatowld be inappropriate to draw any
conclusion about the risk to monarch populationthénfield based solely on their initial
results, the study created a wide-spread percemionsk. Hansen-Jesse & Obrycki
(2000) fed milkweed foliage, which was “naturallysted” under field conditions with
pollen from Bt maize, to monarch caterpillars ibdeatory feeding trails. They reported
significantly greater mortality of larvae that cansed foliage contaminated with Bt
pollen, although no close-dependent effect of potlencentration was observed. Wraight
et al. (2000) reported that no mortality of black swatlail caterpillars, Papilio
polyxened=abricius (Lepidoptera: Papilionidae) could beadily attributable to exposure
to MONB810 maize pollen under field conditions. Thsexgggested from their results that at
least some potential non-target effects of theafisgeansgenic plants may be manageable.
These results were confirmed in another study wipeieen of Bt maize (MON810)
failed to affect the black swallowtail in eitheretifield or the laboratory (Zangest al.,
2001).

Field experiments published to date have highligidessible adverse effects of the Bt
maize Event 176 on some butterfly larvae, whilene\ldON810 seems to be much less
toxic (Zangerlet al., 2001; Lang, 2004). Peacoek al. (1998) reported significant
mortality for 27 of 42 lepidopteran species evadaagainst Foray 48B (formulation of
B. thuringiensi3, and 8 of 14 species evaluated against Dipel &AaAFmulation of B.
thuringiensi$. Considering the wind dispersal of maize polke, possible deposition of
pollen on host plants of non-target lepidopterawvda near and in maize fields, and
possible adverse effects of Bt maize pollen consgiommn lepidopteran larvae, a survey
of Lepidoptera occurring in field margins appearsé essential to determine the effect

of commercial cultivation of transgenic Bt maizelapidoptera ecology.
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1.5.3. Bt maize and tri-trophic interactions

There is also a concern over the potential for Gbps to affect natural enemies and to
disrupt biological control (Hilbeck, 2002; Kenne&lyGould, 2007; Romeigt al, 2008;
Wolfenbargeret al, 2008). Bt maize can also have an effect at thophic level.
Recent studies have shown that transgenic insetitaat plants can have negative
effects on non-target herbivores as well as on fi@akinsects (Vojtechet al, 2005).
Results of studies conducted 8podopterdittoralis (Lepidoptera: Noctuidae) and the
parasitoid Cotesia marginiventris (Hymenoptera: Braconidae) sustain th&
marginiventris survival, developmental times and cocoon weigh&rewsignificantly
negatively affected if thei®. littoralis host larva had been fed Bt maize (Vojtethal,
2005). Studies evaluating the induced-odour emmssib Bt maize indicated that.
marginiventris and Microplitis rufiventris (Hymenoptera: Braconidae) could not
distinguish between the transgenic and the isodam@dTurlingset al, 2005). The same
conclusion was drawn by Van den Berg & Van Wyk (20@ith S. calamistis Because
of these non-target natural enemies not distinguisihetween Bt- and non-Bt maize
there is a need for research to determine theteffeBt maize on stem borer parasitoids
in South Africa.

The tiered approach to assessing ecological risMf crops assumes that lower tier
laboratory studies, which expose surrogate noretamgganisms to high doses of
insecticidal proteins, can detect harmful effebts tmight be manifested in the field. To
test this assumption, Duaat al. (2009) performed meta-analyses comparing resoits
non-target invertebrates exposed to Bt toxin irofatory studies with results derived
from independent field studies examining effects the abundance of non-target
invertebrates. They concluded that laboratory ss&idiincorporating tri-trophic
interactions with Bt plants, herbivores and pacid# were better correlated with the
decreased field abundance of parasitoids than diezet exposure assays. For predators,
laboratory tri-trophic studies predicted reducedratances that were not realized in field
studies and thus overestimated ecological risk (Det@ al, 2009). Therefore it is
important to not only test risks in laboratory gssdut also to determine if there will be

effects at field level.
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1.6. Objectives

The aim of this study was to determine, througldifeg experiments, the effects of Bt
maize on selected non-target Lepidoptera, Coleaad Diptera species that occur in
maize agro-ecosystems in South Africa. Results ideownformation for use in risk
assessment studies on GM maize. Priority insedaiapevere identified and laboratory-
and semi-field experiments were conducted to ewaltiee effect of Bt maize on these
species.

The specific objectives of this study were addréss®ler the following topics:

The effect of Bt maize expressing CrylAb toxin twe survival and fithess of
priority non-target arthropod species. The follogvigpecies were evaluated in
feeding studies,Sesamia calamistigLepidoptera: Noctuidae)Helicoverpa

armigera (Lepidoptera: Noctuidae)igrotis segetuniLepidoptera: Noctuidae),
Heteronychus arator(Coleoptera: Scarabaeidae), a®bmaticus angulatus

(Coleoptera: Tenebrionidae).

The effect of Bt maize at the third trophic levehsvevaluated using a natural
enemy of a target stem bor8 fuscain experiments with the parasitic fly,

Sturmiopsis parasitic@Diptera: Tachinidae).

Ecological theory was used to improve environmenist assessment and to
tailor it to the specific maize field environmenhising an ecological model to
identify priority species for non-target risk asseent, local species were
classified functionally and prioritized using rigkased ecological criteria to

identify potential test species, assessments athg@nts.
To place all of the above mentioned points intospective, this study also provides

important information with respect to the succelsd@ployment of Bt maize as a tool in

integrated pest management.
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CHAPTER 2: Comparative efficacy of Bt maize events MON810 anBt11 against

Sesamia calamistifLepidoptera: Noctuidae) in South Africa

2.1. Abstract

Maize, expressing CrylAb insecticidal proteins pret by the bacteriunBacillus
thuringiensis(Bt), was introduced for control dusseola fuscdFuller) (Lepidoptera:
Noctuidae), andChilo partellus(Swinhoe)(Lepidoptera: Crambidae) in South Africa in
1998. In the light of the reportedly lower toxicity Bt maize to certain noctuid borers,
the effect of Bt maize was evaluated $asamia calamistifHampson) (Lepidoptera:
Noctuidae) in South Africa. The characteristic &rbehaviour ofS calamistis may
result in reduced exposure to Bt toxin and subsecjigh levels of survival, since larvae
do not feed on plant whorls like other borer spgchaut penetrate stems directly from
behind leaf sheaths. Growth and survival of larvase determined in a greenhouse
bioassay with two Bt maize hybrids (Monsanto eW@N810 and Syngenta event Bt11)
and their non-Bt, iso-hybrids. Potted plants werii@ally infested with first instar
larvae. Percentage larval survival and mean lamwass were recorded over time. Bt
maize of both events were shown to be highly teai&. calamistis No larvae survived
longer than nine days on plants of either of theeBents.Sesamia calamistiss
stenophagous and occurs in mixed populations wttieroborer species with which it
shares several parasitoid species in Africa. Tlodogaal impact of local extinction &.
calamistiscaused by this highly effective transgenic everiherefore not expected to be

great.

Published asVan Wyk, A., Van den Berg, J.& Van Rensburg, J.B.J.2009. Comparative efficacy of Bt maize
MONB810 and Bt11 again§esamia calamisti epidoptera: Noctuidae) in South Afric@rop Protection28: 113 — 116.
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2.2. Introduction

Bt maize was initially developed for the controltao stem borers in North America, i.e.
Diatraea grandiosella(Dyar) (Lepidoptera: Crambidae) (Archet al., 2001) and
Ostrinia nubilalis (Hibner) (Lepidoptera: Pyralidae) (Ostkeal., 1997) before it was
introduced for control oBusseola fuscdFuller) (Lepidoptera: Noctuidae) ar@hilo
partellus (Swinhoe) (Lepidoptera: Crambidae) in South AfrfiGouse, 2005). Currently
there are two Bt maize events commercialized intts@frica namely MON810 and
Bt1ll. Although the Bt maize that is used in Soufhic& effectively controlsB. fusca
survival of this species on certain plant parts hasn reported (Van Rensburg, 1998;
2001). The MON810 event is, however, reported teseal00% mortality of. partellus
(Van Rensburg, 1998; Singét al., 2005). The pink stem boregesamia calamistis
(Hampson) (Lepidoptera: Noctuidae), which occurgleli throughout sub-Saharan
Africa, was not initially intended as a target argan of Bt maize but a previous study
showed that various plant parts of event MON810 toag to S. calamistis(Van den
Berg & Van Wyk, 2007).

Sesamia calamistiss economically important in West Africa (Ajakt al., 2001) and
does not often attain pest status in eastern anthem Africa in spite of its wide
occurrence on several crops (Harris, 1962; Over&kdilaes, 2000). In South Afric&
calamistiswas initially only recorded as a pest of maizéhim coastal belt of the Western
Cape region but its importance has increased shed 990s in maize on the Highveld
regions (< 1300 m above sea level), especiallyriigated maize (Van den Berg &
Drinkwater, 2000).

Sesamiacalamistisis probably the most widely distributed stem ba@eecies in Africa.
It occurs throughout sub-Saharan Africa below 2#49Gbove sea level (Polaszek &
Khan, 1998; Muhammad & Underwood, 2004). It oftesw's in mixed populations with
other stem borers such & fusca and Eldana saccharina (Walker) (Lepidoptera:
Pyralidae) which comprise the three indigenous enucally important borer species on

maize. Together witlC. partellusthese species form the complex of stem borersighat
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targeted by Bt maize. Althoudh calamistisis not considered a target organism of Bt
maize in South Africa, it was listed as a targejamism in Kenya (Hilbeck & Andow,
2004), where Bt maize is intended for release. Viark et al. (2007) suggested th&t
calamistisbe included as a test species to determine tleetesf Bt maize on non-target
Lepidoptera species for risk assessment.

Although the general biology & calamistisis similar to that of other stem borers there
is one major difference in larval behaviour. Aque characteristic of this behaviour is
that neonate larvae do not migrate to plant whaitisr hatching. Eggs are laid between
leaf sheaths and the stem (similaBtduscg but neonate larvae feed on the leaf sheath
for a short time before penetrating the stem diegtig. 2.1) (Shanoweet al., 1993;
Ajala et al, 2001). This aspect of its biology may affect #fectiveness of Bt againSt
calamistissince larval feeding on whorl and leaf tissuewhich the expression levels of
Bt toxin is high, is limited. The aim of this studyas to determine the comparative
efficacy of events MON810 and Bt11 agaifSstalamistis

Figure 2.1.Sesamia calamistiarva penetrating maize stem directly.
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2.3. Materials and methods

A greenhouse study was conducted to determinellawaival on Bt and non-Bt maize
plants, grown in pots. Commercial hybrids of thers MONS810 and Btll with their
iso-hybrids were used. Hybrid DKC 78-15B (event M&1R) with iso-hybrid CRN 3505

and hybrid NK Mayor B (event Btll) with its iso-hd Brasco were used. An
experiment was conducted using 100 potted planégaoh hybrid. The experimental lay-

out was a completely randomized design.

One hundred four-week old plants of each hybrideweoculated with 10 neonate larvae.
Larvae were obtained from a mass-rearing colonyrgvheths were allowed to oviposit
on non-Bt maize plants. The colony was initiateahfrfield collected larvae that were
maintained in a laboratory for two generations befose in this experiment. A camel-
hair brush was used to transfer first instar larvai® plants between the stem and the last
unfolded leaf sheath (Fig. 2.2.) of the plant wHargae would normally hatch from eggs
and commence feeding on the leaf sheath.

Figure 2.2.First instars transfered onto maize plant betwéem sind leaf sheath.
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The number of surviving larvae and the mean massede per plant were determined at
weekly intervals. Nine randomly selected planteath maize hybrid were dissected at 3,
6, 9, 12, 20, 33 and 42 days after inoculations€stions of plants were terminated on
day 42 due to the onset of the pupal stage. Repeatasures ANOVA were used to

analyse percentage larval survival and mean laneas over time (StatSoft, Inc., 2009).

2.4. Results

Larval survival decreased rapidly over the firstendays after inoculation (Fig. 2.3 and
2.4). Larval survival differed significantly oveinte between the Bt and non-Bt hybrids
(F.56) = 4.507; P < 0.000003). The level of survival adidered significantly between

DKC 78-15B and iso-hybrid CRN 3505 (s = 10.0719; P = 0.000003) (Fig. 2.3).
There was also a significant difference betweenetsaNK Mayor B and iso-hybrid

Brasco (ks28= 4.919; P < 0.001019) (Fig. 2.4). No survivingrée were recorded on Bt
maize plants from nine days after inoculation omsaon both Bt maize hybrids. Mean
percentage of surviving larvae on DKC 78-15B (MORBivas 3.3% six days after
inoculation, and 1.1% on NK Mayor B (Bt11l). Mearrgentage surviving larvae on the
non-Bt plants was 23.3% on CRN 3505 and 14.4% @sd&r, 42 days after infestation.
Larvae that were recovered from Bt plants were nésrger than 5mm indicating that

they did not develop beyond the second instar.

There was a significant difference between the mearal mass of larvae feeding on
DKC 78-15B (MON810) and CRN 3505 (non-Bt hybrid)4(fs) = 40.129; P < 0.000001)
(Fig. 2.5), and for larval mass on NK Mayor Bt (Bflversus Brasco (non-Bt iso-hybrid
Btll) (Ras2s) = 59.131; P < 0.000001) (Fig. 2.6). Larval massBinplants did not
increase between three and nine days after commmemteof the experiment, but
increased on non-Bt plants. A decrease in masobserved between 33 and 42 days on
Brasco (non-Bt) when larvae started changing imesgupae on non-Bt stems (Fig. 2.6).

A large difference in larval mass between Bt and-Bb feeding larvae was observed
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after three days of feeding (Fig. 2.6). Larval masser increased on the Bt maize

hybrids but increased rapidly on the non-Bt hybfidsn day 12 onwards.

2.5. Discussion and conclusions

Expression of Bt toxins in maize is often citedliterature to be constitutive, meaning
that expression occurs in all tissues at all tinGzsstro (2002) reported protein expression
for MON810 and Bt11 in all plant tissue, seasorgland high protein expression. This is
misleading since different promoters have been tdisethe various commercial maize
hybrids and these different hybrids have been shtiwexpress different amounts of
toxin in different plant tissues (Duttoet al, 2003). For example, CrylAb protein
expression in genetically modified maize variet@mtaining the cauliflower mosaic
virus (CaMV) 35S promoter (MON810 and Btl1l) expessshe toxin throughout the
season in leaves, stem, roots, and kernels (EPM0)20important behavioural
implications may arise if differences in Bt toxionzentrations exist within the plant. For
example, if larvae feed on silks and kernels witlovaer toxin concentration, and only

then penetrate the stems as third instars, theybaaple to survive inside stems.

Results from a previous study where the “whole fjlamethod was also used Van den
Berg et al. (2007) reported high susceptibility & calamististo Bt maize (event
MONB810). Results from this study indicate th&t calamistis was just as highly
susceptible to Btll than to event MON810. The bighaal characteristic of larvae to
feed behind leaf sheaths and to enter stems dirdictinot result in escape of exposure to
the toxin. Larval feeding on leaf sheaths therefesulted in the ingestion of sufficient
toxin to kill larvae before they entered maize steh was expected th& calamistis
larvae may survive on the Btll event to some extemtause of possible differential
expression between Btl1l and MON810 (Letourneau &dsys, 2001).

The high mortality level of a non-target Noctuidgmecies observed in this study is in

contrast with another study which reported thatn&tize does not effectively control
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other Noctuidae species such as corn earwbtelicoverpa zedBoddie) (Lepidoptera:
Noctuidae) and fall armywormSpodopterafrugiperda (J.E. Smith) (Lepidoptera:
Noctuidae) in the United States (Archatral, 2001; Hilbeck & Andow, 2004). Other
stem borer species against which MON810 is alsblyigffective areB. fusca (Van
Rensburg, 2001)C. partellus (Van Rensburg, 1998; Singkt al, 2005) andE.
saccharina(Keepinget al, 2007). It was, however, observed that the pbant on which
B. fuscalarvae feed significantly affected larval survivean Rensburg (2001) observed
that protein expression was high enough during vegetative stages of plant
development when larvae feed only on leaf and dissue butB. fuscafirst instars
survived when fed on maize silks. This could pdgstontribute to survival oH. zea

andS frugiperdawhere they often feed on ears of Bt maize.

In a review on risks and management of Bt maizKenya, Fittet al. (2004) indicated
that the toxicity of currently available Bt maizarieties in that country was considered
to be low and that toxicity depended on the eveeiduMugoet al (2005), in leaf disk
bioassays, observed that not all events were goefiicient against different stem borers
and that especiallyB. fusca was difficult to control. This aspect will need careful
consideration in risk assessments and decisiondepioyment of Bt maize varieties

whereB. fuscaand other non-target Lepidopterans occur.
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CHAPTER 3: Effects of Bt maize on the cutwormAgrotis segetun{Lepidoptera:
Noctuidae), a pest of maize seedlings

3.1. Abstract

The lepidopterous stemboreBsisseola fuscdFuller) (Lepidoptera: Noctuidaegesamia
calamistis (Hampson) (Lepidoptera: Noctuidae) an@hilo partellus (Swinhoe)
(Lepidoptera: Crambidae) are effectively controlledBt maize that express the CrylAb
insecticidal protein. Another noctuid species, tutworm Agrotis segetum(Denis and
Schiffermdller) (Lepidoptera: Noctuidae), whichtiee most common and injurious pest of
maize seedlings in South Africa, is exposed tooRirt for a part of its life cycle. The effect
of this exposure to Bt maize has not been studetd Fhe aims of this study were to
determine the effects of Bt maize (events MON81d Btil) on larval mass, development
time, survival, and fecundity &k segetumLaboratory studies were conducted with first-
and fourth instar larvae, and moths. Results shawatthe effect of CrylAb toxin on the
biology of A. segetumarvae and moths were largely insignificant. THeas of the two Bt
maize events on the different parameters measurdis study was not similar between
the Bt events and their respective iso-hybrids. gamed with larvae that fed on
conventional (non-Bt) maize, Bt maize did not affestrvival of first instar larvae.
However, mean mass of larvae that fed on Bt maiéd1l) was significantly lower.
Feeding on Bt maize did not have a significant atffen development period to pupa
formation. Fewer eggs were laid by moths fed agakron maize event Btll compared
with MONS810. This study indicates that Bt maizelwilost likely not have any significant

effect on the control oA. segetununder field conditions.

Published asErasmus, A., Van Rensburg, J.B.X& Van den Berg, J.2010. Effects of Bt maize ofgrotis segetum

(Lepidoptera: Noctuidae): a pest of maize seedliEgsironmental Entomolog$9: 702 - 706
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3.2. Introduction

The target pests of Bt maize in South Africa are lgpidopterous stem boreBaisseola
fusca (Fuller) (Lepidoptera: Noctuidae)Sesamia calamistigHampson) (Lepidoptera:
Noctuidae) andChilo partellus (Swinhoe) (Lepidoptera: Crambidae). These pests ar
effectively controlled by CrylAb toxin of events NNB810 and Btll (Van Wylet al,
2009). Various cutworm species (Lepidoptera: Naltag) occur in South Africa, namely
the black cutworm Agrotis ipsilor), grey cutworm A. subalbg, brown cutworm A.
longidentiferg, spiny cutworm A. spiniferg and the common cutwormi\(segetu The
latter is the only economically important specied acognized as the most common and
injurious to maize seedlings (Du Plessis, 2000)nBge caused b&. segetunarvae (Fig.
3.1) can be severe. During the day, larvae occnedaé the soil surface from where they
emerge to be active nocturnally. At night, larvaeven from one seedling to another,
cutting stems near ground level which cause seggllia die (Annecke & Moran, 1982).
Larvae consume part of the seedling stem and awna @an destroy several seedlings in
one night (Drinkwater, 1980). Larvae attacking csgedlings are usually in the fourth and
later instars of development (Blair, 1975). Becaus®hs lay their eggs on weeds and
larvae are active throughout the winter it is gatlgraccepted that an abundance of winter
weeds may enhance cutworm infestations (Drinkwa@s0).

Cutworm moths can be identified by characteristarkimgs on the wing. The common
cutworms have brown to grey fore wings, and palé@isfhhind wings (Drinkwater, 1980).
Moths lay eggs singly or in groups on the soil scefor lower plant parts. Hatching time of
eggs and duration of subsequent stages are infiddmg environmental conditions. Larvae
moult five times and the last larval instar is do¥led by a pupal stage after which moths
emerge. During the summer, the life cycle takesr@pmately 50 days to complete
(Annecke & Moran, 1982; Du Plessis, 2000).

Neonate larvae hide under and feed on leaves adsveegrain crops, on and near the soil
surface. Larvae burrow into the soil after theicaged moult. From this stage onwards
larvae only emerge at night (Du Plessis, 2000). Mdxggs are laid during the autumn and
winter, various sizes of larvae overwinter in thal suntil spring. During August and

September, these larvae develop into pupae in matlalin the soil. First generation moths
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for the new season will emerge from these pupaeoappately two weeks later. These

moths lay their eggs on leaves of weeds and vatumiants in fields (Du Plessis, 2000).

A neat round hole is chewed into stems of oldentslgfour leaf stage and older). This
damage is easily distinguished from that causedlbgk maize beetleHgeteronychus
arator (Coleoptera: Scarabaeidae)) or false wire worS@r(aticus angulatu&Coleoptera:
Tenebrionidae)), where the edges of feeding haes l frayed appearance. Above ground
symptoms of cutworm damage is similar to that ecklmaize beetle and false wire worm.
Initial wilting of the central whorl leaf is folloed by wilting of the entire plant
(Drinkwater, 1980).

Figure 3.1.Common cutwormAgrotis segetuntarva.

Abundant autumn rains may also lead to increasdadotm populations during the
following spring as a result of increased wintered/igopulations. A spring cultivation of
fields at least 35 days prior to seeding is, treeefgenerally recommended in order to
reduce the resident cutworm populations by stawmatDrinkwater & Van Rensburg,
1992). In spite of this, crops grown on relativerged-free fields have been observed to
suffer severe cutworm damage in early summer, whited-infested fields are not
necessarily subject to cutworm infestations. Thesgmlity, therefore, exists that an
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abundance of cutworm larvae in a given field mayletermined by the spectrum of weed
species rather than by the number of weed plants@dDrinkwater & Van Rensburg,
1992).

There are currently no transgenic maize hybridSonth Africa targetingd. segetumand
the effect of CrylAb toxin on this species haslvextn reported. Lambegt al (1996) did,
however, reported that Cry9Ca was toxicAoipsilon and A. segetumin Belgium. The
CrylAb toxin is very selective for Lepidoptera (Bat al, 2005; Eizaguirret al, 2006)
and the Monsanto user guide for the production iefdGard (MON810) maize states that
MONS810 has no effect on cutworm (Monsanto, 2007)a field evaluation on Bt maize in
Spain conducted by Eizaguiret al (2006), no effects by CrylAb (Event 176) on the
percentage of plants killed by segetumwere observed. Van Wyt al. (2008) reported
that the incidence of seedling damage causedAbywegetumin South Africa was
significantly higher on a non-Bt than a Bt field. the latter study, however, again only the
incidence of cutworm damaged plants was recordddtapossible effect that exposure to

Bt toxin could have had on larvae was not studied.

An assessment of the ecological effects of Bt maizeomponents of the maize biocenosis
other than stem borers is essential (Retra., 2005). Crawley (1999) emphasized the need
to study the effects of genetically modified crapsthe demography of non-target species
over their entire life cycle and several generaionthe field. In selection of non-target
Lepidoptera species for ecological risk assessmieBt maize in South Africa, Van Wyk
et al (2007) identified species that can be regardgutiasty species for testing. Five non-
target Lepidoptera species includiAgsegetumwere recommended for inclusion in post-
release monitoring of Bt maize in South Africa. 8&®n their distribution and the fact that
the bionomics oA. segetunis well known, it could also be recommended falusion in
pre-release testing (Van Wyt al, 2007).

The objective of this study was to determine thieatfof Bt maize expressing CrylAb

toxin (events MON810 and Btl1l1l) ¢k segetunlarval survival and mass gain, as well as
fecundity and fertility of moths.
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3.3. Materials and methods

3.3.1. Larval survival studies

Two studies, one with neonate larvae and the atliter fourth instars, were conducted to
determine the effect of Bt maize on larval growtid asurvival. These studies involved
laboratory bioassays in which maize seedlings wetk to larvae. The “whole plant
method” suggested by Bircht al (2004) was used to evaluate the effect of tramsge
maize (not only the transgenic product), whichhe tase of cutworm is only the maize

seedling.

The Bt maize events MON810 and Btll are the ongystered Bt maize events with
insecticidal properties in South Africa and bothrevevaluated in this study. The following
four varieties were used: DKC 78-15B (geneticallydified, MON810), CRN 3505 (non-
Bt iso-hybrid for DKC 78-15B), NK Mayor B (genetiba modified, Bt11l), and Brasco
(non-Bt iso-hybrid for NK Mayor B).

Experiment 1: Neonate larvae

Larvae for the use in this experiment originateahfrlarvae that were reared on artificial
medium for one generation after collecting larveef maize fields. First instar survival
and mass increase were evaluated under laboratmgitions. The experimental lay-out
was a completely randomized design. Seven to tgnotthseedlings were placed in test
tubes (15 X 1.5 cm). One first instar larva wascpthper test tube that was plugged with
cotton wool. Test tubes were kept in an incubat@5aC and 65% relative humidity. Each
maize hybrid was replicated 50 times. Seedlingseweplaced with new seedlings and
larvae were weighed at 3 - 4 day intervals. Lamwaee weighed until the pupal stage was
reached. Percentage pupation over time was alsongieed. Autoclaved soil was placed in
the test tubes when larvae reached the second togteevent accumulation of unnecessary

moisture.

Experiment 2: Fourth instars
This experiment was conducted using fourth instassng the same methods described
above. To obtain larger larvae of uniform agetiinstar larvae were fed spinach until they

reached the fourth instar before they were usethénexperiment. Because the weed
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species, Amaranthushybridus (Amaranthaceae), was reported to support highldegk
survival of A. segetumlarvae (Mabuda, 2001), larvae used in this studyeweared on
spinach [Epinacia oleracegAmaranthaceae)], which belongs to the same péantly as

A. hybridus Each treatment was replicated 70 times. Larvaee vgéarved for one day
before the onset of the experiment. Larval survemadl mean larval mass were recorded
every 3 - 4 days until the onset of pupation. Theatlon of larval development from the
onset of the experiment to pupation was recorded.

3.3.2. Oviposition experiment

The fecundity, fertility, and longevity of mothsrdeed from larvae fed on Bt- and non-Bt
maize from the fourth instar until pupation wasedetined. Two larval colonies were
maintained on Bt and non-Bt maize seedlings. Oake mnd one female moth were kept in
a round plastic container (9 X 12cm) and were ogpdid 20 times. The container’s opening
was covered with gauz® serve as oviposition site. A zig-zag folded whaiaper (5 X
8cm) was placed inside each container to allowafataytime hiding place for moths, as
well as extra oviposition sites. A non-Bt maizedigwg leaf was placed in each container to
provide possible oviposition stimuli to moths. [kimg water was provided by means a
sponge (1.5 X 1.5 cm) saturated with sugar watertdlity of male and female moths was
recorded at 24h intervals, and eggs collected umbths died. The number of eggs laid
each night as well as the number of eggs that bdtplbr moth was recorded and expressed

as a percentage.

3.4. Dataanalysis

Repeated-measures analysis of variance (ANOVA) wseel to analyze larval mass, larval
survival, and percentage pupation over time (Stat8w., 2009). Data on larval mass were
log(x + 1) transformed before analyses. Untranséatrdata are, however, provided in the
figures. Longevity, fertility and fecundity data meanalyzed using one-way ANOVA
(StatSoft, Inc., 2009).
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3.5. Results

3.5.1. Larval survival studies

Experiment 1: Neonate larvae

A differential response of larvae to the differ&ttmaize events were observed with the
mass of larvae feeding on Bt maize (NK Mayor B)igesignificantly lower than those that
fed on the non-Bt hybrid (Brasco){ls) = 18.179; P = 0.00005) (Fig. 3.2). However, mean
larval mass was not significantly different betwdarvae feeding on the other pair of
hybrids (CRN 3505 and DKC 78-15) {ks) = 2.4038; P = 0.1242) (Fig. 3.2.). Mass of
larvae that fed on Brasco (non-Bt) seedlings ire@damore rapidly than larvae that fed on
NK Mayor B (Bt). There was a significant differenicelarval mass between the two non-
Bt hybrids (Fi,08)= 4.419; P = 0.038) but not between the two Btriuig(FR1,9s)= 0.144; P
=0.705).

Larval survival decreased slowly over time but dat differ significantly between Bt and
non-Bt maize seedlings for treatments CRN 3505 {Bt)rand DKC 78-15B (Bt) (frs) =
1.7925; P = 0.217413) or Brasco (non-Bt) and NK MaiBt), (Ri,s) = 4.886; P = 0.058)
(Fig. 3.3.).

The percentage pupation of larvae fed on maizerstsifistars did not differ significantly
between CRN 3505 (non-Bt) and DKC 78-15B (Bt} ¢= 0.021; P = 0.887) (Fig. 3.4.) or
Brasco (non-Bt) and NK Mayor (Bt), @)= 3.741; P = 0.089) (Fig. 3.4.).

This study showed that feeding on Bt maize didhase a significant effect on survival of
first instarA. segetumarvae compared with feeding on conventional matmme effects

were, however, observed with regard to mean lamads. When first instar larvae fed on
maize event Btll seedlings for their entire lamvatiod, larvae were smaller compared
with larvae feeding on non-Bt seedlings, larvaedieg on non-Bt seedlings reached the
maximum mass sooner than larvae feeding on Bt isgadlindicating that the former will

reach physiological maturity faster. Larvae feedorgthe non-Bt hybrid, Brasco, were
significantly heavier than on any other hybrid cating that this hybrid was more suitable

as host for larval development.
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Experiment 2: Fourth instars

There were no significant differences between tlassrof fourth instars feeding on either
CRN 3505 (non-Bt) and DKC 78-15B (Bt)({f42= 0.703; P = 0.403), or Brasco (non-Bt)
and NK Mayor B (Bt) (k142 = 0.086; P = 0.769) (Fig. 3.5). Similarly, no sfgrant
differences were observed in larval survival betw@&t and non-Bt hybrids (Fig. 3.6.)
[(Fa,12= 1.630; P = 0.226) for CRN 3505 (non-Bt) and DR&15B (Bt); (k1,12)= 0.412;

P = 0.533) for Brasco (non-Bt) and NK Mayor B].

The pupal stage started on day 9 on the non-Btithy@RN 3505 and day 13 for the other
hybrids (Fig. 3.7.). The incidence of pupation afvbe over time was significantly higher
on non-Bt maize (Brasco) than on Bt maize (NK MaBdi(F1,12)= 29.045; P = 0.00016).
However, no significant differences were observetivieen treatments CRN 3505 (non-Bt)
and DKC 78-15B (Bt) (fr,12)= 2.605; P = 0.1325).

3.5.2. Oviposition experiment

Data on the effects of the consumption of Bt madertility and fecundity of moths are
provided in Table 3.1. In one of the treatments loimations, moths originating from larvae
feeding on the non-Bt hybrid (Brasco) produced ificently more eggs than those from
the Bt hybrid. Also, only in one of the treatmentsnbinations was fertility significantly
higher in moths originating from larvae feedingBirmaize (DKC 7815B) (Table 3.1). The
mean longevity of female or male moths did noteatif§ignificantly between any of the

treatments (Table 3.1).

3.6. Discussion and conclusion

Results showed that the effect of CrylAb toxin ba biology ofA. segetumarvae and
moths were largely insignificant. Because smalweuin larvae do not feed on maize
seedlings under field conditions, it is not re&isb extrapolate these results on first instars
to field situations. This study was, however, cartdd to determine the effects of Bt maize

on cutworm larvae at the highest levels of expopossible.
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Cutworm moths lay their eggs on weeds (Drinkwatevdh Rensburg 1992) where larvae
start feeding until the fourth instar. Only theaegkr larvae feed on maize seedlings. Blair
(1975) reported that larvae attacking crop seedlarg usually fourth instars, which is why
it was scientifically more realistic to rear larvae another host plant until the fourth instar

before using them in experiments.

Although there were no significant differences bestw survival and mass of fourth instar
larvae in the different treatments, significantfetiénces were observed in the percentage
pupation over time. Larvae feeding on non-Bt segdlof hybrid Brasco reached a higher
percentage pupation over a shorter period of timmmpared to larvae feeding on event
Btll. Under field conditions, this can possiblylilgihce the number of seedlings that
larvae may feed on before pupation. A delay indhset of pupation may therefore result
in more seedlings being damaged in a Bt maize.fl@ldtonet al (2002) also showed that
another noctuid specie§podoptera littoralis(Boisduval), a polyphagous lepidopteran
pest, was partially affected by CrylAb. The suri/nze and the time required to reach the
second instar were affected significantly when darwere reared on Bt maize compared

with larvae reared on non-Bt maize.

No detrimental effects were observed with regarantith longevity when fourth instars

were fed Bt seedlings. Because pupal mass differeshe case, being lower in moths
derived from Bt maize, it can be expected that éhesths will lay fewer eggs, in

accordance with observations by Moawad (1983Aoipsilon. Moawad (1983) reported a
positive relationship between the numbers of eggkdnd the weight of the female pupa of
A. ipsilon. It can thus be concluded that if the mass of puge reduced on Bt maize,
fewer eggs will be laid in the new generation, camed to pupae derived from non-Bt

maize. This was, however, only the case for th&1Band not for MON810.

Weeds in maize fields cause an increase in cutwarmbers (Norris & Kogan, 2000). In
South Africa, this leaves the farmers with a chdietween early cultivation or the use of
chemicals to controA. segetun{Du Plessis, 2000). It seems that Bt maize evd@d810
and Btll will have no effect as control method éotworm. Although some adverse
effects, which were dependent on the Bt maize eweete observed on larval mass and

number of eggs laid, it seems that the effect admvaum under field conditions will be
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negligent. Pilcheet al. (1997) and Koziekt al (1993) reported thaA. ipsilon was not
affected by théBacillus thuringiensisprotein (Cryl1Ab), even when high concentrations of
Bt protein were present in the leaves. HoweVerjpsilon showed susceptibility to a
separate subspecies (Burges, 1981jhsce is potential for usingB thuringiensiscrystal

protein to control this pest.

The crystal protein, Cry9Cal, froBacillus thuringiensisserovartolworthi has a fairly
broad spectrum of activity against lepidopterareats, including members of the families
Pyralidae, Plutellidae, Sphingidae, and Noctuidaés also the first insecticidal crystal
protein with activity against cutworms (Lambest al, 1996). From the latter study
Lambertet al (1996) reported that the Cry9Cal toxin was highkic to members of the
Noctuidae such aSpodopteraexigug S littoralis, Mamestrabrassicaeand A. segetum
The novel crystal protein Cry9Cal is not just aeotbrystal protein with a highly toxic
activity against lepidopteran larvae, but its dieanative spectrum of activity makes it one
of the most appealing insecticidal crystal protefos the control of agronomically
important insect larvae either as sprays or throgghetically engineered crop plants.
Bioassay data indicated that this toxin was toaid.tsegetunand preliminary experiments
also indicated activity againgigrotis ipsilon (Lambertet al, 1996). De Maagcat al
(2003) reported that Cry9Ca was the most toxidpieeéd by CrylAa and CrylFb tA.
ipsilon. Overall, A. ipsilon appeared not to be susceptible to most availabpjg @xins

with known activity against lepidopterans (De Maagal, 2003).
It can be concluded that, although significant efeof genetically modified maize
expressing CrylAb orA. segetumwas observed in some instances under laboratory

conditions, Bt maize events MON810 and Bt 11 witisthlikely not have any effect on this

non-target pest under field conditions.
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Figure 3.2. Mean mass oAgrotis segetuntarvae feeding on maize seedlings from tffe 1
instar onwards. [Event MON810 (DKC 78-15B) andnits1-Bt iso-hybrid (CRN 3505) and
event Btll (NK Mayor B) and its non-Bt iso-hybri8résco)]. (Bars indicate SE).
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Figure 3.3.Mean percentage survival Afjrotis segeturtarvae feeding on maize seedlings
from 1% instar onwards. [Event MON810 (DKC 78-15B) andritm-Bt iso-hybrid (CRN
3505) and event Btll (NK Mayor B) and its non-Bi-is/brid (Brasco)]. (Bars indicate
SE).
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Figure 3.4. Mean percentage pupation d@fgrotis segetumlarvae feeding on maize
seedlings from the®linstar onwards [event MON810 (DKC 78-15B and ndrisB-hybrid
CRN 3505) and event Btll (NK Mayor B and non-Btligtrid Brasco)]. (Bars indicate
SE).
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Figure 3.5.Mean mass oAgrotis segetunfarvae feeding on maize seedlings Ssnbtar
larvae [event MON810 (DKC 78-15B and non-Bt iso-hgkCRN 3505) and event Btll
(NK Mayor B and non-Bt iso-hybrid Brasco)]. (Barglicate SE).
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Figure 3.6. Mean percentage survival okgrotis segetumlarvae feeding on maize
commencing seedlings a¥ #hstar larvae [event MON810 (DKC 78-15B and nonidat-
hybrid CRN 3505) and event Btll (NK Mayor B and +&iniso-hybrid Brasco)]. (Bars
indicate SE).
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Figure 3.7. Mean percentage pupation @éfgrotis segetumlarvae feeding on maize
seedlings from the"instar onwards [event MON810 (DKC 78-15B and ndrisB-hybrid
CRN 3505) and event Btll (NK Mayor B and non-Btligtrid Brasco)]. (Bars indicate
SE)
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Table 3.1.Fecundity, fertility, female- and male longevitlyAgrotis segeturmoths originating from larvae fed on Bt and cortigaral
maize seedlings from thd'dnstar onwards [event MON810 (DKC 78-15B and ndrisB-hybrid CRN 3505) and event Bt11 (NK Mayor B

and non-Bt iso-hybrid Brasco)].

Event: Bt 11 with iso-hybrid Event: MON810 with iso-hybrid
Brasco NK Mayor B CRN 3505 DKC 7815 B
Mean number of eggs laid (+SE) 292.5 (x40.67) | 134.4 (+35.06) | 209.1 (+36.76) 201.0 (£30.51)
F —value F,36= 0.42 F1,49)= 0.02
P —value 0.0077 0.8653
% Hatched (+SE) 64 (+7.82) 70 (+11.79) 40 (+7.26) 81 (+6.97)
F —value F1,34=0.18 F1,48)= 16.35
P —value 0.6726 0.2462
Mean female moth longevity (days) (+SE)| 8.7 (x0.517) 8.1 (x0.811) 9.3 (x0.812) 7.7 (x0.550)
F —value F,36= 0.42 F1,41)= 3.05
P —value 0.5206 0.0878
Mean male moth longevity (days) (+SE) 7.0 (x0.716) 7.5 (x0.609) 5.4 (x0.658) 6.5 (x0.614)
F —value F1,36=0.16 F1,41)= 1.38
P —value 0.6871 0.2462
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CHAPTER 4: Response of the African bollworm,Helicoverpa armigera

(Lepidoptera: Noctuidae) to Bt maize in South Afri@

4.1. Abstract

Due to its sporadic occurrence and low levels omage, Helicoverpa armigera
(Lepidoptera: Noctuidae) is considered of minor amance and a secondary pest of
maize. Damage to maize Iby. armigerais usually only limited to the ears. In severe
cases the silks can be damaged to such an extahtptior pollination occurs.
Helicoverpa armigerdorms part of the ear-feeding guild of maize pestd is directly
exposed to CrylAb, Bt toxin produced by the plantdntrol noctuid and crambid stem
borers. The effect of Bt maize ¢h armigerahas not yet been studied in South Africa.
The objective of this study was to determine thieatfof Bt maize orH. armigera
growth and survival. A laboratory (hybrids used regeMON810 and Btl11, with iso-
hybids) and greenhouse study (hybrid used MONB81ifh vgo-hybrid) was conducted
with 1% instar larvae feeding on whorl leaves and earpees/ely. Whorl leaves was
observed not to be a suitable food sourceHoarmigeralarvae and larval growth was
poor. No £ instar larvae survived to the pupal stage on drthe Bt maize treatments.
When feeding on ears larval mass increased on momddze whereas no increase
occurred on Bt maize (significant at P = 0.05). Thacomitant data on larval survival
provided a similar result. In conclusion, this gstuchs quantified the effects of Bt maize
on H. armigera and provides important information on the potdntox Bt maize to
protect maize from feeding damage. However, thelihbod ofH. armigerabecoming

an important secondary pest is high.

4.2. Introduction

Busseola fusca(Fuller) (Lepidoptera: Noctuidae) an@hilo partellus (Swinhoe)

(Lepidoptera: Crambidae) are the target pests oh&re in South Africa. There are also
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several other economically important maize pests dlccasionally attack the crop such
as Helicoverpa armigera Hubner (Lepidoptera: Noctuidaelelicoverpaarmigera is
considered an economically important pest of matherever maize is grown in South
Africa (Matthee, 1974). Although this pest is commtyoassociated with maize, it is
regarded as a minor or sporadic pest. However, vellearops are considered Moran
(1983) ranke. armigeraas the most important pest species in South Aftida also a
significant pest of many other crops and vegetaiiabe world (Fittet al, 2004). The
effects of Bt maize ohl. armigeraas a secondary pest has not been reported priyious
but could be relevant in integrated pest managepm@gframs in maize. The importance
of secondary pests are sometimes overlooked, fample, a study conducted by Ebora
et al (1994) underlined the importance of the targetcsss, Phthorimeaoperculella
(zeller) (Lepidoptera: Gelechiidae), but warned tti@astrinia nubilalis (Hubner)
(Lepidoptera: Crambidae) can also significantleefffBt potato (CrylAc) as a secondary
pest.

Damage to maize caused bl armigerais usually only limited to the ears. Larvae
initially feed on the silks and later penetrate tipes of ears (Fig. 4.1). Due to cannibalism
usually only one fully grown larva is found on eaetir (Nye, 1960; Matthee, 1974).

When ears are still young and bollworm infestatiare severe, the silks may be
damaged to an extent where poor pollination occittask leaves covering young ears
can also be damaged and should this occur during periods, water can enter the ears.
This may lead to fungal growth that will cause lesnio become discoloured and prone
to ear rot infection. However, in most cases ohly tips of ears are damaged and vyield
losses are slight. Kernels at the tips of earsoéiaferior quality and usually discarded

during the harvesting process (Du Plessis & Vaniieng, 1999).

Helicoverpaarmigera moths lay yellow-white eggs singly on or near reagars. One
female can lay more than a 1 000 eggs during Fespan. Prior to mating and laying
eggs, moths feed on nectar and other sources af.sugggs hatch within three to five
days (Du Plessis & Van den Berg, 1999). Larvae infng to six times during which

time larvae change colour. When fully grown, lan@ave the plants and burrow 60 to
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100 mm deep into the soil where pupation takesepldbe pupal stage lasts about two
weeks, but may be extended during winter when puwgder a dormant stage. In the

absence of dormancy, the duration of the life ciglgbout 50 days (Hill, 1987).

Figure 4.1.Helicoverpa armigerdarva on maize eatr.

Helicoverpa armigeracan be controlled by means of natural enemiesur@llcontrol
measures and chemical control. The only transgaoje commercialized in South Africa
for the control of bollworms is Bt cotton encodifay the CrylAcprotein.Helicoverpa
armigera is susceptible to both CrylAb (Bt maize) and Crglf8t cotton) proteins,
though considerably less so than other Heliothipeci®s such ableliothis virescens
(primary target for Bt cotton in USA) (Fitet al, 2004). AlthoughH. armigera is
considered a non-target species for Bt maize inttSédrica, Van Wyket al. (2008)
observed that at field level, the incidence of dgeneaused biAd. armigerawas always

significantly lower on Bt maize than on non-Bt m&iZ his pest is one of the main non-
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target pests of concern in risk assessments feasel of maize expressiyy proteins
with insecticidal properties (Van Wyt al., 2007).

The objectives of this feeding study were to deteenthe effect of feeding on Bt maize

whorl leaves and ears on larval survival and dguakent ofH. armigera

4.3. Materials and methods

4.3.1. Larval survival and mass gain

Larvae were collected from ears of non-Bt maiz¢hm Potchefstroom area (46° 43" S,
27° 06" E) of the North West Province, South Africarvae were reared on artificial diet
(chickpea based agar diet, developeddopartellug until pupation. Moths derived from
these pupae were allowed to lay eggs on nylon galize first instars were used in
various bioassays. Larval survival and mass gaiBtoemd non-Bt maize leaves and ears
were evaluated in a laboratory bioassay and a poemse trail respectively. In the
laboratory first instar larvae were allowed to femd whorl leaves, whereas ears were
used under greenhouse conditions. In this studywhele plant method” approach was
used to expose the insect to the actual plants plaat it would consume under natural
conditions, as suggested by Birgt al (2004). Both experimental lay-outs were

completely randomized designs.

Experiment 1: First instars on maize whorl leaves

One first instar larva was placed in a glass tds¢ tvith a 15 cm long piece of maize leaf
cut from the central whorl leaves of three to fawgek old maize plants of the various
hybrids. The hybrids were DKC 78-15B (event MON8Wth iso-hybrid CRN 3505 and
NK Mayor B (event Btl1) with its iso-hybrid Brascm. this experiment each treatment
was replicated 50 times. Test tubes were kept undarral day/night conditions in a
laboratory where temperatures fluctuated betweena2 25 C. Larval mass was
determined every fourth day and leaf material vegdaced with each assessment. Larval

survival as well as mean larval mass was determined
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Experiment 2: First instars on maize ears

Non-Bt hybrid CRN 3505 and Bt hybrid DKC 7815B weised in this study. Ears in the
soft dough stage were infested with 10 first irstaer ear without removing ears from
the plants. Larvae were placed on the tips of bat@een the silks by means of a camel-
hair brush. Seventy ears of each hybrid were iatedtach infested ear was covered with
a white fine organza (see-through material) bagy €ars were removed from maize
plants of each hybrid twelve days after infestatod dissected to determine larval mass
and survival. Seven further samplings were done¢hege day intervals until larvae

reached the pre-pupal stage.

4.4. Dataanalysis
Repeated-measures analyses of variance (ANOVA) uagd to analyze larval mass, and
larval survival (StatSoft, Inc., 2009). Data onvkrmass were log(x + 1) transformed

before analyses. Untransformed data are, howek@rided in the figures.

4.5. Results

Experiment 1: First instars on maize whorl leaves

Mass of larvae was significantly lower when feedamgBt, as compared to non-Bt maize
whorl leaves. Differences were significant betw@€N 3505 and DKC 78-15B (fvs) =
28.16; P < 0.00001) as well as Brasco and NK Md&/dF.0s = 79.78; P < 0.00001)
(Fig. 4.3). Larval mass also differed significanbigtween the two non-Bt hybrids{bs)
=9.00; P = 0.003). The mass of larvae feeding @s®& increased rapidly over the first
12 days followed by a rapid decrease until dayAlLglow but consistent increase in mass
was observed on the non-Bt hybrid CRN 3505, whefeashe two Bt hybrids, larval

mass never increased in mass over the trail péffigd 4.3).
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Larval survival decreased rapidly on both Bt hybriover the first four days when
compared to the non-Bt hybrids. Larval survival wagmificantly lower on DKC 78-15B
compared to CRN 3505 (ks = 69.74 ; P = 0.00003) as well as on NK Mayor B
compared to Brasco @fs) = 200.30; P < 0.00001) (Fig. 4.4).

Experiment 2: First instars on maize ears

Mass of larvae feeding on Bt maize (DKC 78-15B) wamificantly lower than those
feeding on the non-Bt iso-hybrid (CRN 3505);(fs) = 161.373; P < 0.00001) (Fig. 4.2)
(Fig. 4.5). Mass of larvae feeding on the Bt hghdid not increase over time but a
consistent increase was observed when feedingeonah-Bt hybrid. A decrease in mass
observed from day 30 onwards of larvae feedingamBt ears was due to the onset of

the pre-pupal stage.

Figure 4.2.A significant difference iHelicoverpaarmigeralarval mass when feeding

on Bt (left) and non-Bt (right) ears.
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Larval survival decreased slowly over time (Figs)dand differed significantly between
Bt and non-Bt ears for treatments DKC 78-15B andNC3®05 (F1,18) = 523.986; P <
0.00001). The more rapid decline in larval survigal CRN 3505 between days 21 and
24 is ascribed to cannibalism, since only one fgllgwn larva is usually found per ear
(Matthee, 1974; Nye, 1960).

4.6. Discussion

These results show that maize leaf tissue is neerg suitable food source fdf.
armigerafirst instars. Similar observations were madéNyet al (2002) who reported
that H. armigerafirst instar larvae feeding on maize whorls geltgrdid not perform
well due to their preference for ears. Howeverthis study significant differences were
observed in both larval mass and larval survivaémvhomparing Bt and non-Bt hybrids.
Mass of larvae feeding on leaves of the non-Bt idylBrasco was greater than for any
other hybrid indicating that this hybrid was a metgtable host for larval development.
Larval mass when feeding on leaves of Bt hybriégsien increased and the survival rate
decreased rapidly over the first four days. Fordarfeeding on leaves of non-Bt hybrids,
mass increased and survival decreased but nopaByras when feeding on Bt hybrids.
A study conducted by Van Wykt al (2008) indicated thaH. armigera larvae do
survive on Bt maize ears under field conditions blir numbers were always
significantly lower in Bt maize fields comparedttee non-Bt fields. The latter result is

confirmed in this study conducted under greenhcoselitions.

Pilcher et al. (1997) reported thatlelicoverpa zeaBoddie) (Lepidoptera: Noctuidae)
larvae, which are secondary pests in the maizeystmas whereOstrinis nubilalis
(Lepidoptera: Crambidae) is the main pest, alsmalosurvive when feeding on maize
leaf tissue but that larvae do survive in much arghumbers in maize ears than the
target pest,O. nubilalis. The differences in numbers of surviving larvagtween
different plant parts (leaf and ear) probably el the levels of Bt protein expressed in
different tissues (Pilcheaat al, 1997). Pilcheet al. (1997) suggested that a higher dose of
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CrylAb protein will be required to affeét. zeato the same extent & nubilalis, the
target species in Georgia, U.S.A. MON810 maize esses th€ry protein in silk tissue
and kernels as well as leaves, tassels, and #talk,it is also biologically active against
H. zea (Horneret al, 2003). Although man. zealarvae are able to survive and
complete development in Bt maize ears, many sugative fithess effects (weight loss
and development delay) because of sub-lethal exedsiorneret al, 2003). Padidam
(1992) showed that CrylAc was about 12 times maxe to H. armigerathan CrylAb.
Consequently, only two insecticidal protein optiofes sustainable control oH.
armigerahave been identified, CrylA and Cry2A. CrylAb aiy2Ab were less toxic
but potentially useful (Lia@t al, 2002). Studies conducted by Chakrabetrtal (1998)
showed that CrylAc protein was the most potentntadeisted followed by CrylAa,
Cry2Aa and CrylAb.

From this study it is concluded that Bt maize wilippresgd. armigerainfestations but
not to levels approaching 100%. In a two year stog¥urknesst al (2001) control of

H. zeain Bt hybrids was reported to range between 8583% when compared with the
appropriate non-Bt hybrids, suggesting that Bt Higomprovide high levels of larval
control. Archeret al (2001) also studied ear damage causeH.lzeato four events of

Bt maize (MON810, Bt11, Btl176 and CBH354) and régabrthat no Bt maize hybrid
provided consistent control ¢i. zealarvae feeding on kernels. A study conducted by
Dowd (2001) indicated that althoudgh. zea feeding was slowed down on Bt maize
expressing high levels of the protein in the kesniglcidence of infestation was often not
affected, and caterpillars remained alive and ceentally damage an equivalent
number of kernels. Wet al (1999) found 100-fold differences in the susdafty to
CrylAc of differentH. armigera populations in China. It is therefore unrealistic
compare the susceptibility of different specieseaalmany independent populations have

been tested, preferably with the same protocoksoi al, 2002).
In this study larvae feeding on Bt ears were alwayaller than larvae feeding on non-Bt

hybrids, which contributed to a delay in developmé&arval establishment did occur on

a few ears of Bt maize plants, but once establishears, larvae developed more slowly.
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Because of this delay in development much lessdaarage can be expected to occur
compared to non-Bt plants. Continued mortality dgrihe extended development of
larvae on Bt ears explains the lower incidencerefgupa formation. Similarly, Buntiet

al. (2001) reported that Bt maize with events Btlld aiON810, reduced whorl
infestation and damage of baghfrugiperdaandH. zeain maize in the USA. Bt maize
of the events MON810 and Btll was observed to causeeady mortality oH. zea
larvae during development, but permitted 15 - 408visal to the prepupal stage
compared with non-Bt maize (Storet al, 2001). A delay in development was also
observed by Storeet al (2001) who reported that larvae Hf zeathat did survive
developed more slowly on Bt than on non-Bt mairel #that pupation and adult eclosion

were delayed by 6 — 10 days when feeding on Bt enaazs.

Because of reduced numberstbfarmigeraon Bt ears, indirect effects can be expected
to occur that can influence parasitoids and predatcarvae and adults of sap beetles,
Carpophilusspp. (Coleoptera: Nitidulidae), and larvae of dhieid fly, Euxestastigmatis
Loew (Diptera: Otitidae) were observed to be ldasndant on Bt than non-Bt maize ears
in the USA, mostly because kernel damage causetl bgawas less in Bt maize, which
presumably made Bt maize ears less attractivedsetliinsects (Daly & Buntin, 2005).
Significant reductions in numbers of larvae of narget lepidopterans following the use
of Bt can indirectly affect other species that rely lepidopterous larvae as a primary
source of food (Peacoek al., 1998).

Helicoverpaarmigerahas a history of demonstrated potential in devatppesistance to

virtually all the insecticide molecules used agains(Kranthi et al., 2005). With

constitutive expression of Bt toxins throughout fhlant and for the entire growing
season, Bt crops have the potential to place thbelkt selection pressure for such
resistance of any insecticide deployed to date rébtet al, 2003). Because the
insecticidal activity of transgenic plants also ldezs significantly as the plants mature
(Fitt & Wilson, 2000; Fittet al, 2004), soméH. armigera larvae are able to complete

their development later in the season (Van Veéykal, 2008). This survival poses a
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serious risk to sustainability of the technologycdugse it will facilitate resistance

development in the pest.

In conclusion, this study has quantified the effeat Bt transgenic maize hybrids on
bollworm, H. armigerafeeding on maize ears and it provides importafdrmation on
the potential for Bt maize to protect maize frdfn armigera ear feeding damage.
However, based on it ability to develop resistanite likelihood of H. armigera
becoming an important secondary pest is high. Algothis pest is currently suppressed
by Bt maize it could develop resistance, whichthat case, would make it the only ear
feeding lepidopteran of importance, with the oppoity of invading the vacant niche
usually occupied by other ear feeding lepidoptefterget pests). If this was to happen,
chemical control measures, similar to those ap@mgainst stem borers before the advent

of Bt maize, would again be required.

4.7. Resistance development and monitoring

Helicoverpaarmigerahas a history of demonstrated potential in devetppesistance to
virtually all the insecticide molecules used aghihgKranthi et al., 2005). Synthetic
pyrethroid resistance in field strainskf armigerain South Africa was reported by Van
Jaarsveldet al (1998). The Nelspruit populations appeared tdhgemost resistant to
pyrethroids, followed by Pongola, Tala Valley andt® Bela-Bela and Vaalharts (Van
Jaarsveldet al, 1998). Pyrethroid resistance was also found4nfiéld strains ofH.
armigera collected between 1995 and 1999 from 23 districtseven states of India
(Kranthiet al, 2001). Chakrabarét al. (1998) also reported resistance-bfarmigerato
many conventional organic and synthetic insectgitemany parts of India. Becaude
armigerahave evolved resistance to some insecticidetsatleas the potential to become
resistant to genetically modified crops with insgdtl properties. The high dose-refuge
strategy is the currently recommended world-wideeasstance management strategy for
Bt crops (Gujaet al, 2007).
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With constitutive expression of Bt toxins throughthe plant and for the entire growing
season, Bt crops have the potential to place hige&ction pressure for resistance
development than any insecticide deployed to d&teréret al, 2003). Because the
insecticidal activity of transgenic plants also ldegs significantly as plants mature (Fitt
& Wilson, 2000; Fittet al, 2004), someéH. armigeralarvae are able to complete their
development later in the season (Van Veéylal, 2008). This survival poses a serious risk
to sustainability of the technology because it fallilitate resistance development in the
pest.

The toxins expressed in currently available Bt etgs of maize (CrylAb) and cotton
(CrylAc) are very similar in structure and modeaation. Cross-resistance to these
toxins has been reported in populationsPditella xylostella(Linnaeus) (Lepidoptera:
Plutellidae) (Tabashnilet al, 1997) andHeliothis virescengFabricius) (Lepidoptera:
Noctuidae)(Gould et al, 1992). One implication is that a polyphagoust,pgsch adH.
zeg attacking transgenic cotton that produces CryMAight be selected for cross-
resistance to transgenic maize that produces Cry{TAbashniket al, 1997). The same
issue was highlighted by Fi¢t al (2004) withH. armigera who indicated that if this
species is exposed to CrylAb in maize ears of Brenawould add to selection pressure
in a Bt cotton system that would likely express Ixg in a cotton producing region.
Although one gene can confer resistance to at l&ast toxins, genes that confer
resistance to fewer toxins also occur in insectupatpns. For example, resistance to
CrylAb, but not to CrylAa and CrylAc, was found anfield-selected strain of
diamondback mothpP. xylostellain the Philipines (Ballesteet al, 1994) and in a
laboratory-selected strain of the cabbage loopechoplusia ni(HUbner) (Lepidoptera:
Noctuidae) (Estada & Ferré, 1994).

The relatively low susceptibility oHelicoverpa armigerato CrylAc, its history of
resistance development to chemical insecticideslamdeasonal decline in expression of
CrylAc in transgenic cotton necessitated the dewednt of cotton expressing two
insecticidal proteins to provide sustainable cdrfahis pest (Liacet al, 2005). For an

effective insect resistance management strategyd farmigerait was essential that the
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second insecticidal protein has a significantlyedgnt mode of action to CrylAc. Lia

al. (2005) conducted a study to determine bindingssibr someCry proteins in the brush
border membrane vesicles ldf armigeraandH. punctigera(Wallengren) (Lepidoptera:
Noctuidae). They found that the binding affinity forylAc was higher than for Cry1Ab,
matching their relative toxicities, and CrylAc a@dylAb were found to share at least
one binding site in bothd. armigera and H. punctigera However, Cry2Aa did not
compete with CrylAc for binding and so could be duga transgenic cotton in
combination with CrylAc to contrdH. armigera and manage resistance (Liab al,
2005). Two strains of pink bollwornectinophora gossypielléSaunders) (Lepidoptera:
Gelechiidae) selected in the laboratory for reasrstato Bacillus thuringiensistoxin
CrylAc had substantial cross-resistance to Cryl#hGrylAb. The narrow spectrum of
resistance and the cross-resistance to activateid ©rylAb suggest that reduced
binding of toxin to midgut target sites could be immportant mechanism of resistance
(Tabashniket al, 2000). Akhurstet al (2003) reported that a composite strain of first
instarH. armigerafrom generation 25 were able to complete theirdadevelopment on
transgenic cotton expressing CrylAc and productldeadults. The strain was also

resistant to Cry1lAb.

Development delays dfl. zeacould also increase the rate of resistance deredapto
CrylAb (Pecket al, 1999). Emergence of moths from Bt maize in fatemer or those
emerging the following spring may not be synchraeuth non-Bt moths emerging
from maize. This asynchrony could result in matamgl oviposition by individuals from
refuges before adults from the Bt crop have eme(@aild, 1998; Storeet al, 2001;
Wu et al, 2002). This situation would lead to reproducis@ation of Bt-selected adults
and thus partially increase the rate of resistateeslopment. On cotton, for example,
Bird & Akhurst (2004) reported that life historynaaeters oH. armigeralarvae feeding
on young cotton plants showed a significant devaleptal delay of up to seven days for
the resistant strain compared with the suscepsiiodn on non-Bt cotton. Delays in larval
development, such as those experienceti bgealarvae exposed to moderate doses of
CrylAb in MON810 Bt maize (Storest al, 2001), may delay pupation late enough for
environmental conditions to trigger diapause. Mnaild result in a greater proportion of
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pupae remaining in the soil, thus not contributioghe fall moth population (Hornet
al., 2003).

All these studies mentioned above highlight the artgnce of resistance monitoring.
Fitness costs may help to delay or prevent theaspoé alleles conferring resistance to Bt
crops when refuges, but also the most approprefieges, of non-Bt host plants are
present (Carriéret al, 2004; Wuet al, 2002). Implications such && armigerahistory

of insecticide resistance, decline of Bt toxicitydugh the growing season, some survival
of H. armigeraon Bt ears, and delay in development create a lepqityp of problems to
overcome. The following factors must also be keptind when considering the rate of
resistance evolution in an insect population td arBp: pest bionomics, initial frequency
of resistance alleles in the pest population, geneibde and stability of resistance,
fitness of resistant individuals, temporal and spalistribution of the insect pest on
different host plants, and gene flow among difféggographical populations (Wai al,
2002). Although no evidence of development of fileldel resistance ifl. armigerahas
been reported, Gujat al (2007) highlighted the importance of the reguemitoring of
insect susceptibility to Bt toxin and request tthés becomes an essential pre-requisite of
Bt resistance management for detecting and quamdifesistance development in the
target insect pests. It is important to detectstasice in its early developmental phase, so

that proper management measures can be initiatieién(Kranthietal., 2005).
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Figure 4.3. Mean mass oHelicoverpaarmigeralarvae feeding on maize whorl leaves
from the f'instars onwards (Event MON810 hybrid, DKC 78-15M8h non-Bt iso-
hybrid, CRN 3505 and event Btl1 hybrid, NK Mayomigh non-Bt iso-hybrid, Brasco)
(Bars indicate SE).

Figure 4.4. Mean percentage survival blelicoverpaarmigeralarvae feeding on maize
whorl leaves from %instars onwards (Event MON810 hybrid, DKC 78-1%i#h non-Bt
iso-hybrid, CRN 3505 and event Btll hybrid, NK May® with non-Bt iso-hybrid,

Brasco) (Bars indicate SE).
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Figure 4.5.Mean mass oHelicoverpaarmigeralarvae feeding on maize ears frofi 1
instars onwards (Event MON810 hybrid, DKC 78-15 Bhwnon-Bt iso-hybrid, CRN
3505) (Bars indicate SE).

Figure 4.6. Mean percentage survival blelicoverpaarmigeralarvae feeding on maize
ears from T instars onwards (Event MON810 hybrid, DKC 78-15vBh non-Bt iso-
hybrid, CRN 3505) (Bars indicate SE).
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CHAPTER 5: Effect of Bt maize expressingCry1Ab toxin on non-target
coleopteran insect pestdileteronychus arato(Scarabaeidae) andsomaticus

angulatus(Tenebrionidae)

5.1. Abstract

Many studies have been done on the controllingcetié Bt maize on the target pests of
maize, but literature dealing with the effect of Baize on non-target pests of maize is
scarce. Heteronychus aratorFabricius (Coleoptera: Scarabaeidae) &ddmaticus
angulatus(Fahraeus) (Coleoptera: Tenebrionidae) are redaadesporadic but serious
pests of maize in South Africa. Little informati@available on the effect of Bt maize
expressing CrylAb on other agronomically importpests. The objective of this study
was to determine the effect of Bt maize expres€dnglAb on these two non-target
coleopteran pests although CrylAb is only targeteygdopteran stemborers. Direct
effects of Bt maize on non-target pests can e&dglyneasured in laboratory experiments
that stretch over the entire lifecycle of the pes$tseding studies were conducted to
determine the effect of Bt maize on mortality, gtiovand fertility ofH. arator. Larval
survival and mass gain as well as beetle fertiigre determined fo®&. angulatus The
study showed that the effect of CrylAb toxin on thielogy of H. arator and S
angulatuswas insignificant. No significant differences weobserved in any of the
parameters measured in this study. It can be cdadluhat the CrylAb toxin targeting

lepidopteran pests will not have an adverse etiaatitherH. arator or S angulatus

5.2. Introduction

The family Scarabaeidae is reported as one of Shm@st important families of insects

and mites on cultivated plants in South Africa (stor 1983). The Scarabaeidae is the

second most important family in the Coleoptera pwiigh a pest status of 229, while 33

of these species are recognized pests (Moran, 1983ronychus aratorFabricius
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(Coleoptera: Scarabaeidae) is ranked with a pedtisstof 62 among the 101 most
important plant-feeding pests. Larvae of soil-inkiag Tenebrionidae (false wireworms)
are recognized worldwide as pests of maize (Allsd®80). The family Tenebrionidae is
not reported under the 25 most important familiésngects and mites on cultivated
plants in South Africa by Moran (1983). Howeverranks 12' in importance in the
Coleoptera order, with a pest status of 6, whilsy @me species is recognized as a pest
(Moran, 1983).

The black maize beetlél. arator (Fig. 5.1), is indigenous to Africa and is a sglicabut
serious pest of maize in South Africa (Du Toit, 829t has only one generation per year
(Fig. 5.2) (Du Toit, 1998). Damage to maize is emuby adult beetles that feed the
subterranean part of maize seedlings. Larvae (5i8) do not cause damage when
feeding on decomposing organic matter in the 8@mage to maize seedlings during the
planting season is done by “old” beetles that éneady present in the maize field. Some
damage may occur in late summer when the next ggoerof adults emerges.
Heteronychusrator causes damage to maize during the early growtestap to seven
weeks after planting, with the peak period of daenagcurring three to five weeks after
planting. In some cases the extent of damage teamaay be so severe that replanting is
justified (Du Toit, 1998).

Figure 5.1.Black maize beetles damaging maize stem.
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Figure 5.2.Black maize beetle eggs. Figure 5.3.White grub, larva oH. arator.

As a result of feeding the damaged underground dbas a ragged and frayed
appearance, which distinguishies arator damage from that of the common cutworm,
Agrotis segetuniDenis & Schiffermuller) (Lepidoptera: Noctuida@u Toit, 1998) that

cut through the stem. Two above-ground damage ymgpto maize seedlings can be
distinguished. Feeding damage results in deatlhefgtowth point called “dead-heart”
and the appearance of longitudinal yellow stripestite leaves. Older plants normally
survive attack but may remain weakened and areept@iodging due to large numbers

of beetles feeding at the bases of maize plantsT@t) 1998).

In a survey ofSomaticusspecies in the main maize growing area of Soutticéf(the
Maize Triangle), 15 species were record8dmaticuderricola (Fahraeus) (Coleoptera:
Tenebrionidae) was the most widely distributed his tarea, while the most injurious
species to maizes. angulatus(false wireworm), had the widest distribution bbse
species that occurred mainly in the western pathefgrowing area (Drinkwater, 1990).
Subterranean damage to maize seedlingS. langulatuscan result in plant population
reductions of up to 60% in individual fields (Drinkter, 1987). In a study conducted by
Drinkwater (1989), all cases where damage to mseeellings by tenebrionid larvae was
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investigated, onlySomaticusspecies were found to be the cause. Although riae
25% of the sampled maize fields were infestedSbyangulatusand S. terricola, the
former was responsible for damage in about 75%tlaadatter in about 6% of the cases.
This can possibly be ascribed to differences ingéegraphical distribution of the two
species. Unliké. terricola, S. angulatuswas found in the drier western part of the maize
production area where sporadic drought conditioitsnolead to less vigorous growth,
rendering the seedlings more vulnerable to attadkinkwater, 1989). Somaticus
angulatuslarvae (Fig. 5.4) damage seedlings by chewing hoi&s the subterranean
stems. The adult beetles (Fig. 5.6) do not caugelamage (Drinkwatest al, 2002).

Figure 5.4. Somaticusngulatusarvae.
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Figure 5.5.Somaticus angulatusggs.

Figure 5.6.Somaticusngulatusbeetle.

Van Wyk et al (2007) used an ecological model to identify amnidrize Lepidoptera

species that are primary consumers but not targgts f Bt maize. Except for studies
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on cutworm Agrotis segetuin(Lepidoptera: Noctuidae) (Erasmes$ al, 2010), no
evaluation of the effect of Bt maize on other nargét primary consumers of Bt maize
has yet been done in South Africa. The effect gbosyre of non-target primary
consumers to Bt maize would not necessarily resulteath but could be some form of
individual reduced fitness (Van Wk al., 2007).

Only chemical control is used in South Africa tontrol H. arator and S. angulatus
Various seed dressings and granular insecticieas emulsifiable concentrates and one
bait formulation are registered for control léf arator and S. angulatus(MIG, 2008).
There is currently no genetically modified maizgiséered in South Africa for control of
Coleoptera species. The Bt toxin, CrylAb (commdimad in South Africa) is selective
for Lepidoptera and therefore the impact of Bt meaon non-Lepidopteran pests is
expected to be minimal (Eizaguiret al, 2006; Ponst al, 2005). The efficacy of
granwar insecticide treatments depends on factais as placement of the chemical and
planting depth. In the traditional pest distribuati@rea, preventative insecticide treatments
are recommended. Seed dressings and granular iodest are registered for
preventative treatment applied during planting. r€ctive spray applications are
advisable in those areas beyond the traditionafiligion area, and then only in maize
fields which are notably infested (Du Toit, 1998).

Little quantitative data are available on the itisgtal spectrum of single purified
Bacillus thuringiensisproteins against a wide range of agronomically artemt pests
(Macintoshet al, 1990). Many studies have been done on the dbngreeffect of Bt
maize on the target pests of maize but literat@a&ing with the effect of Bt maize on
non-target pests of maize is scarce. Bt maize ctenpally negatively affect population
densities of non-target phytophagous insects duketdoxin. Direct effects of Bt maize
on the non-target pests can easily be measuredhandtory experiments that stretch over
their entire lifecycle (Ponst al, 2005). Consequently, non-target pests may ingest
toxin as noted by Duttoet al (2004). Although stemborers are the most harpésts of
maize in South Africa, other herbivore pests sugH.arator andS. angulatusmay also

affect crop yield. However, differential expressiohtoxin in Bt maize during the life
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cycle of the genetically modified plant make it essary to asses its impact fully
(Eizaguirreet al, 2006).

The objective of this study was to determine thHeatfof Bt maize expressing CrylAb on
the non-Lepidopteran pests of maize, i.e. maizéldde. arator and S. angulatus the

false wireworm.

5.3. Materials and methods

5.3.1.Heteronychus aratomadult mortality, mass and oviposition

Overwintered sexually immature beetles that areveadtom late January until late April
were collected from the field in the eastern regidthe maize production area in South
Africa. Beetles were collected by using light trapshe end of February. Two laboratory
experiments were conducted to compare beetle nmaestality, and fertility when
feeding on two to four week old maize stems of Bi aon-Bt maize. The experimental

lay-out was a completely randomized design.

Experiment 1a: Comparison of male and female mortétly and mass gain

Beetles were fed on 7 cm long pieces of stem ofzenaiybrids DKC 78-15B (Bt —

MONB810) and CRN 3505 (non-Bt). Thirty male and %néles were evaluated per
hybrid. Beetles were kept separately in 10 cm Igtass vials provided with 20 ml

washed sand. Beetle mass was recorded at one nteekals from capture until day 47
and then at fortnightly intervals until day 119 whbkeetles started to die off. Beetle

mortality was also monitored until the end of thedy.

Experiment 1b: Comparative mortality and oviposition

Thirty female and 20 male beetles were placed 4@r<(40 x 22 cm) plastic container
and replicated three times for each hybrid. The wbrids used in the experiment were
DKC 78-15B (Bt — MON810) and CRN 3505 (non-Bt isghbhd). The containers were

provided with a 10 cm layer of washed sand. Drigkivater was provided using water-
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filled test-tubes (7 x 1 cm) topped with cotton Wptugs. The beetles were fed four-

week old maize stems that were replaced once a.\vizzadh hybrid was replicated three
times. Beetles were monitored over a 320 day pefiberefore, beetle mortality was

monitored at weekly intervals but during winter rtien this was done every second
week. The sand was sifted once a week and latdreirseason every second week to
collect eggs. The total number of eggs laid perfé@fiales was determined. The eggs
were kept in glass vials on a mixture of moist paatl sandy soil to determine the
number of viable eggs per 30 females.

5.3.2.Somaticus angulatugarval survival, mass gain and oviposition

Adults were collected by hand from fields in thedgetad area (Free State Province,
South Africa) during March. Beetles were kept iagtic containers (see above) with the
bottoms covered with a 5 cm layer of sifted, waskadd. Beetles were fed apples and
green maize leaves which also provided shelternkdrg water was provided as
described aboveFirst instars were kept at 25 C and 65% humiditycsilarvae do not
feed until the second instar (Drinkwater, 1987).

Two studies were done to compare mean larval massnean larval survival on Bt- and
non-Bt maize seedlings. These studies involved rigboy bioassays where maize
seedling stems were fed to larvae. The “whole phaathod” suggested by Biradt al
(2004) was used to evaluate the effect of the ¢ramis plant and not only the transgene
product. The following four hybrids were used: DK8-15B (Bt: MON810), CRN 3505
(non-Bt iso-hybrid for 78-15B), NK Mayor B (Bt: Bt}, and Brasco (non-Bt iso-hybrid
for NK Mayor B).

Experiment 2a: Second instar larvae

Survival of second instar larvae were evaluatedraize seedlings in the laboratory.
Cuttings (1.5 cm long) of seedling stems of 1-2 kveld maize plants were placed in test
tubes (75 mm long, 10 mm diameter). One secondrihatva was placed per test tube.
Test tubes were held in the incubator at 25 C @&&# humidity. Each hybrid was

replicated 50 times. The seedlings were replacdia mew seedling stems every 3-4 days
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when larval mass was determined. Test tubes caudaautoclaved soil in sufficient

guantity to cover stem cuttings completely. Durihg first evaluation using hybrids

CRN 3505 (non-Bt iso-hybrid) and DKC 78-15B it waticed that larvae were reluctant
to start feeding. In the subsequent evaluationybfitls Brasco (non-Bt iso-hybrid) and

NK Mayor B (Bt), dry Pronutro cereal was added hbe tsoil to serve as a feeding
stimulus. The cereal was removed from the soil betwday 36-49, when stem cuttings
started to show visible feeding symptoms. Massaofde was determined until the pre-
pupal stage was reached.

Experiment 2b: Fourth instar larvae

To obtain larger larvae of uniform age, secondaingirvae were reared as described
above, on Pronutro, until they reached the fourstar before they were used in the
experiment. The same maize varieties as above wgee to compare larval survival and
mean mass of fourth instar larvae when feeding braBd non-Bt maize seedling stems.
Each hybrid was replicated 50 times. One larva arfd5 cm piece of seedling stem
cutting were placed per test tube (125 mm long5 m diameter) and were covered
with Pronutro soil mixture. The mixture was usedtfee first week after which only soil
was used. Survival and mass were recorded every®yd until pre-pupae started to

form.

Experiment 2c: Oviposition

Beetles were collected as describe above beforertbet of the experiment to evaluate
the possible effect that feeding on Bt maize cdwflde on fertility and fecundity. Beetles
were sexed by size since female beetles are |l#angarmales. Ten male and 10 female
beetles were placed in each of 22 plastic contaiflef x 12 x 8 cm), using 11 containers
for each of the two maize hybrids. These were DKEL3B (Bt: MON810) and CRN
3505 (non-Bt iso-hybrid for DKC 78-15B). The comtis were provided with a 3 cm
layer of sand. Green maize leaves of each hybric yweovided as food and replaced
daily. Sand was sifted every third day to collegg® The number of eggs laid per
container and egg mass was determined. Eggs wpténkan incubator at 25°C and 65%

humidity until hatching, when larval numbers wesearded.
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5.4. Data analysis
Repeated measures ANOVA were used to analyze beetiwlity, beetle mass, larval

survival, larval mass, fertility and fecundity ouene (StatSoft, Inc., 2009).

5.5. Results

5.5.1.Heteronychus aratomortality, mass gain and oviposition

Experiment 1a: Comparison of male and femal mortally and mass gain

The percentage mortality of male and female beetieseased over time but did not
differ significantly over a 119 day period betwetre Bt and non-Bt iso-hybrid. No
differences were observed between mortality of nimetles feeding on DKC 78-15B
and CRN 3505 (fr4)= 0.062; P = 0.816) as well as for female bedfiasy = 4.252; P =
0.108) (Fig. 5.7). Beetle mass decreased slowly twe with no differences between
the hybrids for male (fss) = 0.288; P = 0.593) and female beetleg 4f5= 1.472; P =
0.229) (Fig. 5.8).

Experiment 1b: Comparative mortality and oviposition

The mortality of male (fr4) = 0.919; P = 0.392) and femaley(f = 0.161; P = 0.705)
beetles feeding on DKC 78-15B and CRN 3505 weresigntificantly different over a
173 day period, although mortality increased slowiler time (Fig. 5.9). Fertility of
female beetles peaked between 182 and 265 daysotbrhybrids with no significant
differences observed between the total number g$ &gd per 30 females (k)= 0.002;

P =0.969) (Fig. 5.10). The number of eggs thathead per 30 females also did not differ
significantly between hybrids ()= 0.063; P = 0.814) (Fig. 5.11).
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5.5.2.Somaticus angulatusarval mortality and oviposition

Experiment 2a: Second instar larvae

Mean survival of larvae feeding on CRN 3505 and DXK15B decreased rapidly with
no significant differences observed between hyb(kisis) = 0.169; P = 0.686) (Fig.
5.12). A slower decrease was observed for Brasda\tqMayor B (R1,18)= 1.195; P =
0.289) (Fig. 5.12) which was not significantly @ifént between the two. Thesults were
due to the absence of Pronutro cereal in the exjgat with CRN 3505 and DKC 78-
15B. From these data it can be concluded that Pr@man serve as a valuable stimulus

to the onset of larval feeding under laboratorydithons.

There were no significant differences in mean lanaass when feeding on CRN 3505
and DKC 78-15B (f,198= 0.497; P = 0.481) with a slow increase in mdsseoved over
time. A more rapid increase was observed on BrascbNK Mayor B but also without
significant difference (fr108 = 2.794; P = 0.096) (Fig. 5.13). There were, havev
significant differences between CRN 3505 and Brgbgaes) = 51.729; P < 0.0001), and
between DKC 78-15B and NK Mayor B({freg)= 21.322; P < 0.0001) (Fig. 5.13).

Experiment 2b: Fourth instar larvae

A low initial incidence of larval mortality persed until day 50 followed by a rapid
decrease in survival onwards. Larval survival dad differ significantly between CRN
3505 and DKC 78-15B (Fs) = 1.941; P = 0.201), as well as between BrascoNifd
Mayor B (R1g)= 2.149; P = 0.181) (Fig. 5.14). No significanffeliences were observed
between mean larval mass for CRN 3505 and DKC B{Fp 48) = 0.888; P = 0.351),
and for Brasco and NK Mayor B ¢fhg) = 0.244; P = 0.624) (Fig. 5.15). The highest
larval mass was observed around 63 days after coeneent of the experiment after
which there was a general decrease in mean larass$ ion all the different hybrids. This
decrease in larval mass can be due to an insuffidiet or the onset of pupuation.

Experiment 2c: Oviposition
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There were no significant differences between tleamnumber of eggs laid per 10
female beetles when feeding over a 29 day perio@®N 3505 and DKC 78-15B (o)

= 1.728; P = 0.204). There were also no differeneitls regard to the number of eggs
that hatched (fr20)= 4.138; P = 0.055) over the same period (Figs)5.IThe mean mass
of eggs also did not differ significantly {koy= 1.429; P = 0.246) (Fig 5.17).

5.6. Discussion and conclusion

Little information is available on the effects bktBt toxins on non-target insects (Deml
et al, 1999). Most of the previous studies in Southigafrwere performed with target
insect species of which the results were partiptgdictable (Van Rensburg, 1998; Van
Rensburg, 2001, Van den Berg & Van Wyk, 2007), eithés known that CrylAb targets
lepidopteran stemborers. It is most recently tbatu$ has fallen on non-target species in
South Africa (Erasmust al, 2010). Considering this situation, this studysveat up to
investigate the influence of Bt toxin (CrylAb) dretgrowth and survival of insect pests
from other taxa. Because of this we deemed it sacgs0 determine the effect of Bt
maize (CrylAb) on the two most economically impottaoleopteran pests of maize in
South Africa. Demilet al (1999) found that CrylllIA was effective againstdidoptera,
which was quite unexpected because according émliire this endo-toxin should be
harmful only to certain Coleoptera (Knowles, 199%he opposite can be true, CrylAb
could have an effect on coleopterans, espectdtyeronychusarator and Somaticus
angulatuswhich have never been evaluated on Bt maize béfhisestudy. The reason for
using H. arator and S angulatusis that these two species differ in the life stégat
damages maize and that is therefore exposed toxBt.tHeteronychus aratobeetles
cause damage, whereas frangulatusthe larval stage is the pest. In such studies of
plants producing Bt toxins, Denelt al (1999) suggested that tests at the species-level
should be mandatory, and that target and non-tangetts should be used which are

really relevant to the plants in the field.
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However, this study indicated that there were ngnificant effects onH. arator
mortality, mass, fertility or fecundity when feedion Bt maize. The same results were
observed foS. angulatus with no effect on survival of second and fourtktars. Also no
significant effect was observed on larval mass, memof eggs laid and hatched.
Therefore, it did not matter if a coleopteran beett larvae fed on Bt maize, there were

no adverse effects.

Romeiset al (2008) proposed that the process of testing gateospecies is intended to
be efficient and rigorous, focusing the resourceasddress potential risks or uncertainties
and eliminating from further consideration the siskat are negligibleHeteronychus
arator andS. angulatuscan be seen as surrogate species in this stugytteerdfore, no
future testing will be necessary on coleopterarciggein South Africa to determine the
effect of Bt maize expressing CrylAb, because fifferdnt parameters measured in this

study indicated that there was no adverse effeBt afiaize on Coleoptera.

Similar results were reported for non-target speadecurring elsewhere. Dowd (2000)
reported that control of non-caterpillar pests sastsap beetles by Bt maize expressing
CrylAb is expected to be low because of the lacleftitacy of the protein against
Coleoptera, but may occur indirectly because cal@rpdamage, which attracts sap
beetles, is reduced. The two coleopteran species insthis study can be considered to
be polyphagous, especially tBematicuseetles, which are adapted to live in semi-arid
conditions where it feeds on detritus. The levefasding that beetles and larvae were
subjected to on Bt maize in this study was unrgedily high since under field

conditions these beetles also feed on other ptpdsies.

Defining potential exposure of insects to selectignBt toxin is an important aspect of
resistance risk assessment (Ettal., 2004). The maximum potential exposure of a non-
target species to a transgenic crop is based ogrgeluic range, habitat specificity, local
abundance, prevalence and temporal associationthgtbrop (Andow & Hilbeck, 2004).
The following criteria are used to rank speciesfaximum potential exposure to Bt-

toxin: occurrenceabundancepresenceand linkage in the maize ecosystem as well as
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potential adverse effects that exposure may havéhemon-target species (Andow &
Hilbeck, 2004). In this context “occurrence” reféosthe presence of a non-target species
in the agroecosystem, its geographic range andaf@mese. “Abundance” refers to local
abundance and prevalence while “presence” invaleegporal association with the crop.
“Linkage” refers to habitat specificity and the deg of specialization of the non-target
species on maize. Linkage might also be calledifigedpecialization and focuses on
trophic relationships. The linkage of bokh arator and S angulatusto the maize
ecosystem is very low and potential exposure tmBize expressing the CrylAb protein

is therefore low.

Ponset al (2005) evaluated the impact of Bt maize, expresstrylAb protein, on
wireworms at farm-scale by comparing their abundamt Bt- and non-Bt plots in Spain.
The Bt maize did not affect the incidence of theewiorm, Agrioteslineatus(Linnaeus)
(Coleoptera: Elateridae) that attack maize seed sawtlings (Ponst al, 2005).
Eizaguirreet al (2006) also reported during a six year study pai that Bt maize did
not have a negative impact dnlineatus Results by Let al (2007) in China showed no
significant differences in arthropod community-sfieqparameters between Bt and non-
Bt rice. Based on their findings they concluded tBarice generally exerts no marked
negative effects on the arthropod community in paields. Daly & Buntin (2005) also
found no consistent effect of Bt maize event MON8h(phytophagous coleopterans.

Bt maize expressing Cry3Bbl is planted to contbahbrotica virigifera virgifera

LeConte (Coleoptera: Chrysomelidae) (Al-Dee & Wjl@@03) in the USA. The impact
of this toxin was evaluated by Al-Dee & Wilde (20@8ho concluded that direct impact
will occur only on chrysomelids and possibly rethtaxa. They reported no significant
difference between Bt maize expressing Cry3Bbl mmaBt maize in the number of

beneficial insects visually observed in fields.
From this study and examples listed above, it agptet Bt maize events expressing

CrylAb toxin targeting lepidopteran pests will i@ve an adverse effect on Coleoptera

species. Because Bt maize showed no effedt .carator and S. angulatusthese pests
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may still be important pests in Bt maize fields applications of insecticides may still

be required if the population exceeds the econdméshold in South Africa.
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Figure 5.7.Mean percentage mortality of male and fentédteronychusrator beetles
feeding on Bt (DKC 78-15B) and non-Bt maize (CRN3pin glass vials. (Bars indicate
SE).

Figure 5.8.Mean mass of male and fem&leteronychusrator beetles feeding on Bt
(DKC 78-15B) and non-Bt maize (CRN 3505) in glagdss (Bars indicate SE).
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Figure 5.9.Mean percentage mortality of male and fentédeeronychusrator beetles
feeding on Bt (DKC 78-15B) and non-Bt maize (CRN3pin plastic containers. (Bars
indicate SE).
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Figure 5.10.Total number of eggs laid per 30 femBleteronychus aratobeetles
feeding on Bt (DKC 78-15B) and non-Bt maize (CRN8pin plastic containers. (Bars
indicate SE).

Figure 5.11.Total number of eggs hatched per 30 fentddéeronychus aratdoeetles
feeding on Bt (DKC 78-15B) and non-Bt maize (CRN3pin plastic container. (Bars
indicate SE).
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Figure 5.12.Mean percentage survival 8bmaticus angulatukat commenced feeding
on maize seedlings a&“2nstar larvae. [Event MON810 (DKC 78-15B) andritn-Bt
iso-hybrid (CRN 3505) and event Bt11l (NK Mayor Bidats non-Bt iso-hybrid
(Brasco)]. (Bars indicate SE).

Figure 5.13.Mean mass dbomaticusngulatuslarvae that commenced feeding on
maize seedlings a§%nstar larvae. [Event MON810 (DKC 78-15B) andrits-Bt iso-
hybrid (CRN 3505) and event Btl1l (NK Mayor B) atglnon-Bt iso-hybrid (Brasco)].
(Bars indicate SE).
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Figure 5.14.Mean percentage survival 8bmaticus angulatukat commenced feeding
on maize seedlings a¥ #hstar larvae. [Event MON810 (DKC 78-15B) andritm-Bt
iso-hybrid (CRN 3505) and event Bt11l (NK Mayor Bidats non-Bt iso-hybrid
(Brasco)]. (Bars indicate SE).

Figure 5.15.Mean mass adbomaticusngulatuslarvae that commenced feeding on
maize seedlings ad'dnstar larvae. [Event MON810 (DKC 78-15B) andrits-Bt iso-
hybrid (CRN 3505) and event Bt11l (NK Mayor B) atglnon-Bt iso-hybrid (Brasco)].
(Bars indicate SE).
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Figure 5.16.Mean number of eggs laid and hatched pesd®aticusngulatusfemale
beetles feeding on maize leaves. [Event MON810 (D®EL5B) and its non-Bt iso-
hybrid (CRN 3505)]. (Bars indicate SE).

Figure 5.17.Mean mass of total number of eggs peSbhaticusngulatusfemale
beetles feeding on maize leaves. [Event MON810 (D®EL5B) and its non-Bt iso-
hybrid (CRN 3505)]. (Bars indicate SE).
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CHAPTER 6: Survival of the parasitic fly, Sturmiopsis parasiticdDiptera:
Tachinidae) on larvae ofBusseola fuscdLepidoptera: Noctuidae), feeding on Bt

maize

6.1. Abstract

One of the most important components of integrgiedt management is biological
control and the preservation of natural enemigsest arthropodsSturmiopsis parasitica
(Curran) (Diptera: Tachinidae), is an importantvédrparasitoid of gramineous stem
borers in Africa. The large-scale cultivation o&risgenic crops may carry potential
ecological risks to natural enemies. To date ntraphic study was conducted in South
Africa to determine if there is any effect of Btim@on parasitoids. The objective of this
study was to determine if there is amffect onS parasitica when parasitizing Bt-
resistanBusseoldusca(Fuller) (Lepidoptera: Noctuidae) diapause or fourth inktarae
that have fed on Bt maize. Bt-susceptibe and Bsta®t Busseola fuscdarvae,
originating from different rearing populations werarasitized (inoculated) with two to
four S. parasitica maggots each. Host larvae were screened daily patasitoids
emerged. Parameters measured for parasitoids weetiah of maggot stage in host
larvae, duration of the parasitoid pupal stagewa#f as pupal mass and pupal size.
Although not always significant, the percentageapiism of Bt-consuming host larvae
was always higher compared to host larvae thabfedon-Bt maize. It could be that Bt
toxin affected theB. fuscalarval fitness to such an extent that the immustesns were
weakened, but that the larvae were still suitalde parasitization. The different
parameters tested indicated only one case whergotsagriginating from diapause host
larvae feeding on non-Bt maize had a greater maspared to maggots from host larvae
that fed on Bt maize. The same appliedtparasiticapupal length. For the rest of the
parameters tested there were no significant difiggs. Although some adverse effects
were observed o8. parasiticamass and pupal length it is most likely that thil not
contribute to adverse effects in the field, but thare may rather be synergism between

Bt maize andb parasitica
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6.2. Introduction

The tachinid fly,Sturmiopsis parasitic§Curran) (Diptera: Tachinidae), is an important
larval parasitoid of gramineous stem borers in &sfriChinwadaet al, 2004). This
parasitoid have been recorded on various lepidaptstem borer species, including
Busseola fuscaFuller) (Noctuidae),Chilo partellus (Swinhoe) (Crambidae)Chilo
orichalcociellus (Strand) (Crambidae) (Bonho&t al, 1997), Coniesta ignefusalis
(Hampson) (CrambidaeEldana saccharinagWalker) (Pyralidae)Sesamia calamistis
Hampson (Noctuidae)sesamia nonagrioidesams & Bowden (Noctuidae) (Polaszek,
1998) andAcigona ignefusalislampson (Pyralidae) (Nagarkatti & Rao, 1975). 8itie
hosts ofS. parasiticaoccur in sugar-cane, maize and sorghum, its vasua biocontrol
agent is high (Nagarakatti & Rao, 1975).

FemaleS parasiticaindividuals are easily recognized by the whitishnk (smoky grey
in males) and the two long downwardly directed fosarbital bristles on either side
(absent in males) (Nagarkatti & Rao, 1975). Femafesserage to large size can produce
500-900 maggots each (Nagarkatti & Rao, 1975). @dighly fecund and with an egg
maturation period extending over only a few dayssirgle female can distribute its
maggots over several borer tunnel entrances (Chiawhal, 2004). In the case of a
parasitoid likeS. prasitica the larvae consume the whole host larvae (Fit) @ent,
2000). The larval period inside the host is gemgraetween 12-14 days at 26°C,
occasionally lasting up to 35 days. The fully gromaggot then emerges from the host
larva. The prepupal period is about 12h and theapppriod 12-19 days. The newly
formed puparia (Fig. 6.2) are initially reddish Wwrg turning dark as development
proceeds (Nagarakatti & Rao, 1975).
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Figure 6.1.Sturmiopsisparasiticamaggot emerging froBusseolduscalarva.

Figure 6.2.Newly formed pupa obturmiopsigarasiticanext to the remains of the host

larvae,Busseola fusca
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The exotic parasitoicCotesia flavipegCameron) (Hymenoptera: Braconidae) has been
introduced into many areas of the world as a bicklgcontrol agent against several
species of stemborers with varying degrees of sscfdgi-Songet al, 1995). There is a
lack of understanding of the reasons underlyinlyifes to establiske. flavipesin Africa
(Ngi-Song et al, 1995). Parasitoids are not only unpredictablet there is also
uncertainty of how important they really are in gotling pests. Parasitoid effectiveness
in keeping stem borer populations below acceptéilesholds has been doubted by
several authors (Bonho#t al, 1997; Kfir, 1997; Overholet al, 1994). However, no
studies are yet available that describes the efitthe absence of parasitoids on stem
borer populations. Kfir (2002), however, concludedt the higher infestation level of
stem borers in sprayed sorghum plots was due tpahel elimination of parasitoids and
possibly other natural enemies by the pesticiddeinvestigations into the effects of
removal or partial removal of parasitoids from steorer-infested crops by applying

insecticides showed that borer populations coulecbt(Kfir et al, 2002).

Concerns have been raised that large-scale producti transgenic cropmay carry
potential ecological risks to natural enemies (kitk, 2002; Kennedy & Gould, 2007;
Letourneauet al, 2002). Studies on tri-trophic interactions hawdicated that natural
enemy interactions with transgenic cultivars varpnf synergism to antagonism
(Bourguetet al, 2002; Schuleet al, 2004; Tounotet al, 2005; Romei®t al, 2006;
Wei et al, 2008) Potential negative effects include (1)nsigant reductions of
populations of the target pest, resulting in a latkost availability to the natural enemy;
(2) direct effects of transgenic plant-producedns»on natural enemies; and (3) negative
effects that are mediated through insect herbitiosgs (Pilcheet al, 2005). Conversely,
potential benefits of large-scale transgenic prodise could include (1) reduction in
insecticide use, which leads to decreased natumaing mortality; (2) increased
secondary insect pest prey/host availability; aBdigdirect behavior or physiological
impacts that could increase a herbivore’s vulnditgtio natural enemies. These benefits
and / or negative effects would variably apply depeg on whether the natural enemy is

a generalist or specialist (Pilchetral, 2005).
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To date no study has been conducted in South Aiicketermine the effect of Bt maize
on any parasitoid or predatddilbeck (2002) highlighted the importance of unided
targets which include higher-trophic-level orgamssmauch as insect natural enemies of
both the non-target herbivores and the originajdaspecies. For herbivores, valuable
information can be gained from direct feeding stsdiSuch feeding studies are essential
and form part of the toxicity screening at high@phic-level species. This is because
organisms at higher-trophic-levels are exposedch&étoxin in an altered form due to
processing by the herbivores (Hilbeck, 2002). Itmarophic experiments are conducted,
the effect of toxin processing in the herbivore gutignored entirely and, thereby,
important ecological interactions among plantsphvares, and natural enemies may be
missed (Hilbeck, 2002). The presence of Bt-rasispopulations of the target peBt,
fusca in South Africa (Van Rensburg, 2007), provides itheal opportunity to evaluate
the possible indirect effects of the Cry 1Ab proten the 3 trophic level. Since larvae
of B. fuscacan be reared on Bt maize without a negative effedost larval quality, the
possible confounding factor of host quality careReluded as an influencing factor.

The objective of this study was to determine tHeatfonS. parasiticawhen parasitizing

B. fuscalarvae consuming Bt maize.

6.3. Materials and methods
6.3.1. Comparison of parasitism on fouBusseolafuscadiapause populations

Busseolafusca diapause larvae were used in laboratory expersnddiapause larvae
were collected from maize fields in the winter frahmee different localities, following
the methodology described by Van Rensburg & VansBerg (1993). Four populations
of B. fuscadiapause larvae were collected, two from WardeegFState, South Africa)
(one Bt and one non-Bt population used as contool¢, from Vaalharts (Northern Cape,

South Africa) (one Bt population) and one from Yé&adorp (North West, South Africa)
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(non-Bt population used as control for the VaakhaBt-resistant population). The
diapause larvae were collected from dry maize stdiking the winter month of August,
approximately four to five months after they comceshfeeding on the then green maize
plants. At the time of the experiment, larvae weardiapause and had ceased feeding on
green maize approximately three to four monthsiegarThe South African Sugarcane
Research Institute, Mount Edgecombe, provi@egarasiticaflies from a mass rearing

colony.

Fourteen days after mating, gravid female fliesendissected and their uteri ruptured in
distilled water to release the maggots (Fig. 6U9ing a fine camel-hair brush, active
maggots were transferred to the ventral surfaceefabdomen of a host fuscalarva
that had been dipped in a 1% NaOH-water solutightasice in distilled water before the
time of innoculation. Host larvae were inoculatethg two to four maggots and for each
colony 150 larvae were used. Diapause larvae wereided with a dry mature maize
stem because no feeding takes place during thue starvae were kept in a round plastic
container (5.5 cm long, 5 cm diameter) at 25°C &0e65% RH. Host larvae were
checked daily until parasitoid pupae formed. Pévakipupae were weighed, measured
and held individually inside multi-cellular insemtaring trays until adult emergence.
Duration (days) of the maggot stage in host laevad duration (days) of parasitoid pupal

stage until fly emergence were also determined.

Figure 6.1.Gravid female fly being dissected.
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6.3.2. Parasitism ofBusseolafusca diapause larvae and # instars originating from

diapause populations

Two diapause populations were collected from mdieéds. One population was

collected from a Bt maize field in Hartswater (Nm@ape, South Africa) and the other
from a non-Bt maize field (used as control) at NarRark, Bothaville (Free State, South
Africa). Fourth instars used in the experiment ioated from both these populations
after moths from diapause larvae were allowed téeraad oviposit. First instars were
reared on either Bt or non-Bt maize stems, cormding with the plants they were
originally collected from, until they reached th8 istar for use in the experiment. The
diapause and™instar larvae were inoculated with two to four maig as described

above.

Diapause and%instar larvae were kept under the same conditamsbove. Fourth
instars were provided with either Bt and non-Bt zeastems to feed on. Larvae were
observed daily until parasitoid pupae formed. Hev@spupae were weighed, measured
and then kept individually inside multi-cellularsect rearing trays until adult emergence.
Duration (days) othe maggot stage in host larvae and duration (dafy#)e parasitoid

pupal stage until fly emergence were also deterthine

6.4. Dataanalysis

Statistical analysis was done with Statistica safemStatSoft, Inc., 2009). Two-by-two

tables were used to determine significance of pg¢acge parasitism by using Chi-square
analysis. The 95% confidence interval, of the petiage parasitism was determined by
using the odds-ratio. Parasitoid pupal mass, pdpaénsions, duration of maggots in

host larvae, and duration of the parasitoid pupades were analyzed using a one-way
ANOVA.
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6.5. Results

6.5.1. Comparison of parasitism on fouBusseolafuscadiapause populations

The percentage parasitismBffuscadiapause larvae by parasiticaare summarized in

Table 6.1. Parasitism of the stem borer populafiom Vaalharts (feeding on Bt maize
during the previous growing season) did not diffignificantly from that of Ventersdorp
(feeding on non-Bt maize). The two Warden populeidiffered significantly (P =

0.038) (Table 6.1) with a higher percentage pasasion the Bt population.

The mean mass and dimensionsSoparasiticapupae are provided in Table 6.2. Mean
mass of pupae emerging from the Warden non-Bt btaner population was significantly
higher than that of the Warden Bt population butsignificant difference was observed
in the percentage pupal parasitism between thehdeal (Bt) and Ventersdorp (non-Bt)
populations. A significant difference betwegrparasiticapupal length was observed for
the Vaalharts (Bt) and Ventersdorp (non-Bt) borepylations. Length of pupae
emerging from the Ventersdorp non-Bt population wsagnificantly greater. No
significant differences were observed between teanriength of pupae emerging from
the two Warden populations or between pupal meaithwemerging from any of the

other populations.

There were no significant differences in the depsiental periods of the maggot or

pupal stages in host larvae between any of thelptpus (Table 6.3).

6.5.2.Parasitism of Busseolafusca diapause larvae and # instars originating from
diapause populations

There were no significant differences (P> 0.05)b{€a6.4 — 6.6) between any of the
parameters tested between the two diapause pamdatpllected from Bt- and non-Bt
maize fields, and the two™instar populations reared from the same diapaaisaé

when they were parasitized Byparasitica
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6.6. Discussion and conclusion

One of the most important components of integratst management is the preservation
of natural enemies of pest arthropods (Daly & Bunt2005). Unfortunately, plant
breeders have continued to attempt to breed faal to#sistance, and bio-control
specialists have ignored the role of the plantrisueing successful foraging behavior by
insect natural enemies (Poppy & Sutherland, 200d)date, studies have focused more
upon the effects of Bt toxins on specific herbiwrevithout consideration of their
persistence within arthropod food webs (Harwaidal, 2005). The movement of Bt
toxin through trophic levels has received littleeation (Weiet al, 2007). Harwoockt al
(2005) reported significant quantities of deteataBlylAb endo-toxin within non-target
herbivores and predators which indicate that lergitexposure to insecticidal toxins
could occur in the field. There is limited undengtang of the impact of th€ry toxins
expressed in the transgenic plants on the groveveldpment, and distribution of natural
enemies. To ensure that transgenic crops are emveotally sustainable, long-term
evaluations of the possible effects of this techgglon naturally occurring beneficial
arthropods are necessary (Day & Buntin, 2005).

In the current study, laboratory studies were catetliwhich is the fist tier to determine
if there is any effect of Bt maize on the selectpécies as suggested by Duttinal
(2003). Although not always significant, the effty of parasitism on Bt-fed host larvae
was always higher compared to host larvae thatdednon-Bt maize. A possible
explanation for this can be that the non-Bt hostaa were more fit than host larvae that
fed on Bt maize and therefore better equipped tendkethemselves against parasitism. It
has been reported with the stemborer parasit©idlavipesis sometimes killed in the
maize stem when foraging f&. partellus probably by biting or spitting of the host
larvae (Takasu & Overholt, 1997). In addition, ags&oid might be able to insert the
ovipositor into the host, but not have enough timanject eggs before being attacked by
the borer larvae. Touncet al (2005) also reported that the paralytic effedtshe Bt
toxin on S calamistis larvae could make it easier f@otesia sesamiae(Cameron)

(Hymenoptera: Braconidae) to successfully attack@nposit inside the host. Therefore,
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further studies on the effect @ry toxin on the fithess oB. fusca are required to

determine whether there is synergism between BSapdrasitica

The effect of CrylAc toxin onMicroplitis mediator (Haliday) (Hymenoptera:
Braconidae), a parasitoid of the cotton bollworhielicoverpa armigera (Hubner)
(Lepidoptera: Noctuidae) was evaluated by kiual (2005). They found that when
female parasitoids parasitized host larvae thathesh fed on a diet containing CrylAc
toxin, their offspring’s larval development weregmsificantly delayed. Their pupal
weight, adult weight, and adult longevity were agsgnificantly less than those of the
control treatment (Liuet al, 2005). Parasitoid larvae ofampoletis sonorensis
(Cameron) (Hymenoptera: Ichneumonidae) was obseovedvelop significantly slower
in host larvaeSpodopterdittoralis (Boisduval) (Lepidoptera: Noctuidae), that fedRBin
maize (MON810) (Meissletal., 2004). However, cocoon weight, time from pupatio
emergence, sex ratio and total survival were rgmiscantly different from the control
treatment (Meissleet al., 2004). Cotesia marginiventris(Cresson) (Hymenoptera:
Braconidae) survival, developmental times and coceeeights were significantly
negatively affected if thei®. littoralis host larva had been fed Bt maize (Vojtetkal,
2005). Prutz and Dettner (2004) reported that theagitoid C. flavipes (Cameron)
completed its larval development in only 25% of@illpartellushosts in the Bt group,
whereas 83% of all hosts allowed completion of gigwad larval development in the
control. The parasitoid pupal weight and adult WeiMyere also reduced in the Bt group
compared to the control (Pritz & Dettner, 2004)sits from a study conducted by
Bernalet al (2002) showed that ingestion of Bt maize tissyeEbreuma loftiniDyar
(Lepidoptera: Pyralidae), a subtropical stemborezgatively affected some fitness
components inParallorhogas pyralophagugMarsh) (Hymenoptera: Braconidae), a

gregarious, external idiobiont parasitoid, whereth&r components were not affected.

In contrast to the above there are also many exasnpl literature which indicate that
there are no adverse effects of Bt maize on othmsgitoid species (Schulet al., 2004;

Romeiset al, 2006; Sharmat al, 2008; Weliet al, 2008). It is also evident from the
examples above that different parameters can be tas&lentify possible effects of Bt
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maize on parasitoids. In this study different paeters were used to identify possible
adverse effects of Bt ofs. parasitica when parasitizing8. fusca In the case ofs
parasitica only once did results indicate that maggots oating from diapause host
larvae feeding on non-Bt maize had a greater masgpared to counterparts on host
larvae that fed on Bt maize. This also applied upgb length. For the other parameters
tested there were no significant differences. Dawelent period of maggots inside host
larvae and parasitoid pupae were not influencedhdmst larvae that fed on Bt maize.
These results highlight the importance of tri-trapstudies to determine if there are any
adverse effects of Bt maize on parasitoids. Thesgmee of any adverse effect might
require additional research to determine if thdtects will also be observed under field

conditions.

Decreasing the target pest populations to minimanhlmers can drastically change
existing multi-trophic interactions in the fieldilgher et al, 2005). The impacts of this
elimination of parasitoid host larvae that are ltpteontrolled by the Bt plant are not yet
clarified. One of the most obvious ways in whicdinggenic maize may affect the level of
tachinid parasitism is by decreasing density of hlost larvae, as was indicated for
Ostrinia nubilalis(Hubner) (Lepidoptera: Crambidae) (Bourgeegl, 2002). However,
S parasitica parasitize more than one lepidopteran speciesalinaf these host larvae
attack various crops and wild grasses (Bonkbfl, 1997; Polaszek, 1998; Kfir, 2000).
Therefore, even if the number of tachinid paradgalecline due to stem borer depletion

in Bt maize fields, their persistence in the enwiment is probably not threatened.
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Table 6.1. Percentage parasitism Byurmiopsis parasiticaf four diapaus®usseola fuscpopulations, comparing data when fed on Bt andBiomaize.

Colony % Parasitized (N) Chi-square P-value 95% cdiidence interval
Vaalharts (Bt) 28.67 (150) 0.07 0.796 (0.666; 1.833)
Ventersdorp (non-Bt) 26.67 (150)

Warden (Bt) 54.67 (150) 4.32 0.038* (0.979; 2.433)
Warden (non-Bt) 42.00 (150)

Statistical significance is indicated as * P<0.05

Table 6.2.Mean mass, length and width $furmiopsis parasiticaupae originating frorBusseola fuscdiapause larvae that had fed on Bt and non-Btenaiz

Colony Mean mass F-value P- Mean length F-value P- value Mean width F-value P-
(SE) (N) value (SE) (N) (SE) (N) value

Vaalharts (Bt) 58.75 (+2.15) (43) | Fue= 1.17 | 0.28 7.80 (+0.12) (43)| FuefF 17.62 | <0.01* | 3.15 (¢0.07) (43) | FeF 3.16 | 0.08
Ventersdorp (non-Bt) | 62.10 (¥2.23) (40) 8.45 (+0.11) (40) 3.34 (+0.08) (40)
Warden (Bt) 53.31 (+1.31) (82) | Fu 1437 5.41 | 0.02* | 7.90 (0.14) (80)| Fy1417 0.28 0.60 3.05 (+0.06) (80) | F114170.51 | 0.48
Warden (non-Bt) 57.92 (£1.49) (63) 7.79 (+0.16) (63) 3.12 (+0.07) (63)
Statistical significance is indicated as * P<0.05
Table 6.3.Mean development period 8turmiopsis parasiticanaggots in host larvae and pupal period beforeriiergence.

Colony Mean days in host larvae F - value P - value Mean days as pupae before fly F - value P - value

(SE) (N) emergence (SE) (N)

Vaalharts (Bt) 14.69 (x0.50) (42) Fa, 797 2.96 0.09 14.40 (+0.69) (5) Fa,12= 0.04 0.84
Ventersdorp (non-Bt) | 15.92 (£0.51) (39) 14.20 (£0.52) (9)
Warden (Bt) 15.71 (+0.41) (77) Fassr 0.71 0.40 13.00 (+0.55) (16) Fa.soF 0.01 0.93
Warden (non-Bt) 14.71 (£0.46) (63) 13.06 (+£0.55) (16)

Statistical significance is indicated as * P<0.05
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Table 6.4.Percentage parasitism Byurmiopsis parasiticaf differentBusseola fuscpopulations that consumed either Bt or non-Bt maiz

Colony % Parasitized (N) Chi-square P-value 95% cdiidence interval
Diapause (Bt) 13.80 (80) 0.03 0.867 (0.420; 2.535)
Diapause (non-Bt) 13.40 (82)
4™ instars (Bt) 27.10 (92) 2.24 0.135 (0.892; 4.007)
4™ instars (non-Bt) 16.50 (79)

Statistical significance is indicated as * P<0.05

Table 6.5.Mean mass, length and width $furmiopsis parasiticaupae originating from differefusseola fuscpopulations that consumed either Bt or non-Bt

maize.
Colony Mean mass F-value P- Mean length F-value P- Mean width F-value P-
(SE) (N) value (SE) (N) value (SE) (N) value
Diapause (Bt) 65.70 (+2.98) (11) | Fuz07 0.09 | 0.77 | 8.41 (0.14) (11)| Fu 207 0.21 0.65 | 3.41(£0.12) (11) | Fu20F 0.08 | 0.78
Diapause (non-Bt) 66.97 (+2.98) (11) 8.50 (+0.14) (11) 3.36 (+0.12) (11)
4™ instars (Bt) 59.48 (+2.73) (25) | FuseF 1.67 | 0.20 | 8.26 (0.12) (25)| F37 0.06 0.82 | 3.20 (+0.08) (25) | Fus 1.88 | 0.18
4™ instars (non-Bt) 65.52 (+3.79) (13) 8.31 (+0.16) (13) 3.40 (£0.11) (13)

Statistical significance is indicated as * P<0.05

Table 6.6.Mean development period 8turmiopsigarasiticamaggots in host larvae feeding on Bt or non-Btzaand pupal period before fly emergence.

Colony Mean days in host larvae F - value P -value| Mean days pupae before fly emerge F - value P - value
(SE) (N) (SE) (N)
Diapause (Bt) 15.64 (x0.37) (11) Fa20= 2.44 0.13 15.40 (+0.23) (10) Fa177 0.23 0.64
Diapause (non-Bt) 14.82 (£0.37) (11) 15.56 (£0.24) (9)
4™ instars (Bt) 16.48 (+0.43) (25) Fase= 3.22 0.08 14.61 (£0.57) (23) Fa34= 0.17 0.68
4™ instars (non-Bt) 15.15 (+0.60) (13) 15.00 (+0.75) (13)

Statistical significance is indicated as * P<0.05
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CHAPTER 7: Selection of non-target insect speciesif risk assessment by using
feeding studies as endpoint to determine possibléects of

genetically modified maize

7.1. Abstract

It is essential to assess the environmental riak Bt maize may hold and to study its
effect on species assemblages that fulfil a varmtydifferent ecosystem functions.
Ecological theory can be used to improve enviroralensk assessment and, by
applying it to specific environments, local speces be classified functionally and
prioritized to identify potential test species, esmments and endpoints. Although the
stem borer8usseola fuscandChilo partellusare the target species of Bt maize in South
Africa, various other Lepidoptera, Coleoptera anght®a species are directly and
indirectly exposed to Bt toxin. In this study, acokgical approach was followed in
which the potential effects of exposure of prior#yecies to Bt toxin in maize (event
MONB810) was investigated. Non-target Lepidoptera &ovleoptera that are primary
consumers of maize and which could therefore becty exposed to Bt-toxin were
identified, and the possible effects that Bt maizey have on these species assessed. A
natural enemySturmiopsisparasitica that parasitize®. fuscawas also evaluated. A
series of selection matrices were developed in higach species was ranked for its
maximum potential exposure to Bt toxin by assessisgoccurrence abundance
presenceandlinkage in the maize ecosystem. Through the usthisfselection matrix,
knowledge gaps were identified for future reseamiid to guide the design of
ecologically realistic experiments. The followingmtarget species were identified in the
matrix and were evaluated in feeding and tri-trop&xperimentsSesamiacalamistis
Helicoverpaarmigera Agrotis segetumHeteronychusarator, Somaticusangulatusand
Sturmiopsigparasitica During this study only a few non-target speaiese evaluated
that may be affected by Bt maize. This study iniidathat some species can be
eliminated for further testing, since Bt maize haw adverse effect at all, whereas for

others continued studies need to be consideredéafeonclusion can be drawn. These
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possible effects need to be confirmed in the actmaironment before any particular

hypothesis can be sufficiently supported or refuted

7.2. Introduction

Food webs are among nature’s most complex creafiewveleighet al, 2007). With the
increased awareness of the complexity and impogtaofcfood webs in agricultural
systems conservation of these ecosystems havehigddighted. Artificial food webs are
created in agricultural systems and the interastlmetween plants, herbivores and natural
enemies in these systems may change from simpkeopinic interactions to more
complex food web interactions (Janssgnal, 1985).Crop plants and insect pests are
part of a complex agricultural ecosystem that imeslinteractions between many trophic
levels, often referred to as multi-trophic interass (Poppy & Sutherland, 2004).
Furthermore, it has been realized that life onhedepends on the proper functioning of
several large-scale ecological processes, many loichw provide humanity with

irreplaceable benefits, termed “ecosystem servi(eaily et al, 1996).

Agriculture is an important environmental qualityvér (Hails, 2002), and its effect is
not likely to diminish in the future (Tilmaet al, 2001). There are many agricultural
practices and designs that have the potential b&amging insect biodiversity, whereas
others may have adverse effects. The managemgmstd can have substantial impacts
on non-target arthropod species both within andidatthe units that are being managed.
The goal of insect pest management is to maintiafough directed strategies, insect pest
numbers below threshold densities. These managemnactices interfere with the ability
of insects to survive, reproduce or exploit resesr@nd the impacts of these tactics are
very rarely confined to the target pest speciesélyet al, 2003). The idea is, therefore,
to develop management strategies that enhancegeneeate levels of biodiversity that
support sustainable agro-ecosystems by providintpgical services such as biological
control (Panizzi, 2007).
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The biodiversity of an agro-ecosystem is not omipartant for its intrinsic value, but
also because it influences ecological functiong #o& vital for crop production in
sustainable agricultural systems, as well as ftdlifi@ and the surrounding environment.
Changes in biodiversity could possibly alter thiesections and harm the agro-ecosystem
as well as surrounding natural ecosystems (Duébal., 2003; Birchet al., 2004;
Hilbeck et al, 2006). For this reason it is essential to asgesenvironmental risk that
the release of a genetically modified (GM) crop niepdd and to study its effect on
species assemblages.

Risk assessment is a process by which risks angifiée and the seriousness of the risks
are characterized so that decisions can be madehether or how to proceed with the
technology (Andow & Hilbeck, 2004a). Schmét al (2003) stated that, considering the
high diversity of herbivores, many species of whichabit agricultural landscapes, and
the high complexity of interactions even in agriatdl biocoenosis, more biosafety
research on and monitoring of the effect of Bt mman the environment is needed. The
adequate protection of herbivores, particularlyitieptera, in the agricultural landscape
is important for general environmental protectidfors. In addition, integrated pest
management strategies rely on sufficient non-tasgeties that serve as alternative hosts

for parasitoids of economic relevance (Schraital, 2003).

The fist step towards a comprehensive insect manageprogram that would provide
adequate pest suppression, maintenance of ecdl@goaces, and minimal impact on
rare species is a detailed assessment of whicletispecies are likely to exist in the
managed system. Unfortunately, this baseline adoayof insect species is lacking for
almost every managed system (Losdyal, 2003). To assess the risks of any insect
resistant GM plant on non-target arthropods, agsa $tep, it is necessary to identify
arthropods that occur inside cropping systems acti§ip regions into which GM crops
will be introduced (Duttoret al, 2003).

Ecological theory can be used to improve enviroralaisk assessment and to tailor it to

specific environments. In an ecological model fam4{target risk assessment, local
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species can be classified functionally and pripeiti using risk based ecological criteria
to identify potential test species, assessmentseadgoints (Andow & Hilbeck, 2004b).
The environmental risk assessment process desdobd&t maize by Bircletal. (2004)
assessed the possible risks of transgenic cropsiadiversity. In that model it is
recommended that species be selected from assesspldt the potential for risk be

identified and that research protocols be develapessess these risks.

In this study an “ecological model” approach wasdut select species for research and
to evaluate species for their susceptibility to maize. A case-specific approach
suggested by Birckt al. (2004), Andow & Hilbeck (2004a) and Hillbeek al. (2006))
was followed during which selection of non-targpeaes and the potential effects of
direct exposure to Bt maize was investigated. islo assessment for Bt maize was done
in South Africa before its release in 1998. As paihout by McGeoch and Rhodes
(2006), the protocols and guide lines for risk assgent of GM crops in South Africa has
yet to be developed. In this chapter we rely stipiog methods and examples used by
Andow and Hilbeck (2004a, b) and, Hilbeck, Andowddfontes (2006) in their case

studies on Bt maize in Kenya and Bt cotton in Breespectively.

7.3. An ecological model for non-target risk assesgnt

Species selection in the ecological model is cpseific, depending on the GM crop and
its cropping context, and prioritizes species twild be adversely affected by the GM
crop (Andow & Hilbeck, 2004a, b). The fist step msgby identifying and screening

appropriate functional groups. Functional groups astablished according to their
ecological role or function in the ecosystem. Tle&trstep is to compile a list of species
in these functional groups followed by prioritizati of species found in the relevant
environment. These species are prioritized on #m&sbof ecological principles. Then

these species’ trophically mediated exposure tad@Necrop and the transgene products
are analysed. As a fourth step, potential hazarelgdantified and hypotheses developed.

The final step is the experimental endpoint whaeeitlentified parameters are measured
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(Andow & Hilbeck, 2004b; Birchet al, 2004; Hilbecket al, 2006). The above

mentioned steps are discussed below with referenBémaize in South Africa.

7.3.1. Identification of functional groups

Qualitative field expertise and available data @dlversity is crucial for determining the
list of possible non-target species, their tropretationships and relevant functions
(Birch etal., 2004). This step involves the identificationimportant functions that could
be considered in risk assessment for a given ddse list will be specific to the crop and
its cropping context and agro-ecosystem (Hilbetkl, 2006). Using ecological function
allows focus on ecological processes and limitsnilvaber of species and functions that
need to be tested (Bir&tal., 2004).

Based on ecological function Bircét al. (2004) identified the following functional
groups that needs to be considered in pre-relessed of GM plants: secondary pests,
natural enemies, species of conservation concpetjes that generate income, species of
social or cultural value, competitors, non-targeimary consumers, secondary
consumers, pollinators, decomposers, nutrient tecgjcseed dispersers and species of
unknown function. Hilbeclet al. (2006) identified the following functional groujsr

use in Bt cotton risk assessment in Brazil: nogdtampest herbivores, pollinators and
species of conservation concern, predators, paidsit weeds and soil ecosystem
functions. These functional groups are not mutuakgiusive. For example many species

are both secondary pests and non-target primarsucoers (Andow & Hilbeck, 2004b).

In this study on maize in South Africa the funcabrgroups of non-target primary
consumers and natural enemies of target primargwuoers was used. Using the guild
concept, the functional group of non-target primeopsumers were further sub-divided,
namely non-target primary consumers feeding on endl) stem, (2) ears, and (3)

seedlings.
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7.3.2. Prioritization of non-target species (seleicin matrix)

The second step in species selection is classdicalf the non-target species that occur
in association with the crop in the region where @M crop is intended to be released
into functional groups, using available informatiand expertise (Hilbeckt al, 2006).
Inclusion of species that actually occur in theiorggenerates a case-specific set of

potential non-target species (Andow & Hilbeck, 2004

Table 7.1.Insect species commonly found in maize fields intBd\frica.

Scientific name Feeding guild Family Reference

Lepidoptera

Acantholeucania loreyi Ear Noctuidae Van Wyket al, 2007
Agrotis ipsilon Seedling Noctuidae Annecke & Moran, 1982
Agrotis longidentifera Seedling Noctuidae Annecke & Moran, 1982
Agrotis segetum Seedling Noctuidae Van Wyket al, 2007
Agrotis subalba Seedling Noctuidae Annecke & Moran, 1982
Busseola fusca* Stem Noctuidae Annecke & Moran, 1982
Chilo orichalcociliellus Stem Crambidae Kroon, 1999

Chilo partellus* Stem Crambidae Annecke & Moran, 1982
Eublemma gayneri Ear Noctuidae Van Wyket al, 2007
Helicoverpa armigera Ear Noctuidae Van Wyket al, 2007
Sesamia calamistis Stem, ear Noctuidae Van Wyket al, 2007
Spodoptera exempta Seedling Noctuidae Annecke & Moran, 1982
Spodoptera exigua Seedling Noctuidae Van Wyket al, 2007
Spodoptera littoralis Seedling Noctuidae Kroon, 1999
Coleoptera

Astylus atromaculatus Seedling, ear Melyridae Drinkwateret al, 2002
Heteronychus arator Seedling Scarabaeidae | Drinkwateret al, 2002
Heteronychus licas Seedling Scarabaeidae | Hill, 1987
Megalognatha rufiventris Ear Chrysomelidag Hill, 1987
Nematoceruspp. Seedling Curculionidae | Hill, 1987
Protostrophuspp. Seedling Curclionidae | Drinkwateret al, 2002
Somaticuspp. Seedling Tenebrionidae| Drinkwateret al, 2002
Diptera

Sturmiopsis parasitica Natural enemy Tachinidae Bonhoffet al, 1997
Hymenoptera

Cotesia flavipes
Cotesia sesamiae

Natural enemy
Natural enemy

Branconidae

Branconidae

Bonhoffet al, 1997
Bonhoffet al, 1997

* Target species of Bt maize in South Africa.

Species selection for this study was only condubieaneans of compiling a list using
scientific literature (Table 7.1) to identify noarget primary consumers of maize and
some potential natural enemies and is thereforeerbawustive. This list of non-target
primary consumers and natural enemies are spégifitaize and its cropping context in
the agro-ecosystem. For the non-target primarywoess only species belonging to the
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stem, ear, and seedling feeding guild were list®elve lepidopteran species, excluding
the two target specie®.(fuscaandC. partellug, seven coleopteran species and three

natural enemies were listed.

Several criteria can be used to prioritize nondagpecies, including maximum possible
exposure and potential adverse effects. Any nagetasrganism feeding on the GM plant
or part of the plant would come in contact with trensgene and its product (Andow &
Hilbeck, 2004b).

The maximum potential exposure of a non-target ispeto a GM crop is based on
geographic range, habitat specificity, local abum@a prevalence and temporal
association with the crop (Andow & Hilbeck, 2004B)efining potential exposure of
insects to Bt toxin is an important aspect of tasise risk assessment (Fattal., 2004).

In order to provide a rational and transparent @@gn to support the selection of species
for use in risk assessment analyses, Bethl. (2004) developed a series of selection
matrices. In this system each species is rankedsf@anaximum potential exposure to Bt-
toxin by assessing it occurrence, abundance, presand linkage in the maize ecosystem
as well as for potential adverse effects that enposay have on the non-target species
(Birch et al., 2004) (Table 7.2). In this context “occurrencefers to the presence of a
non-target species in the agroecosystem, its gpbgrarange and prevalence.
“Abundance” refers to local abundance and prevaendile “presence” involves
temporal association with the crop. “Linkage” rafén habitat specificity and the degree
of specialization of the non-target species on mdimkage might also be called feeding
specialization and focuses on trophic relationshipth other host plant species of

organisms in a particular functional group (Van Wykt al, 2007).
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Table 7.2.Selection matrix for prioritizing non-target spesiassociated with maize in South Africa.*

Maximum potential exposure

Possible adverse effect

Guild Species Occurrence Abundance Presence Linkage*** Significance Damage| dhk**

Stem Sesamia calamistis Occasional Low - medium Anytime Strong Low (sporadic pest) High 1
(oligophagous)

Ear Helicoverpa armigera | Certain Abundant Post-flowering Weak Low (always present] Low 1
(polyphagous)

Ear Acantholeucania loreyi | Occasional Medium - Pre- and post- Strong Potential pest Low

abundant flowering, also on| (monophagous) | (sporadic presence)
tillers

Ear Eublemma gayneri Sporadic Low Post-flowering Doubtful - Very low 2

Seedling Agrotis segetum Occasional Medium Seedling Weak High (important pest) High 2
(polyphagous)

Seedling Spodoptera exigua Occasional Low Seedling Weak Potential pest Sometimes 2
(polyphagous) | (occasional presence)

Seedling Heteronychus arator Occasional High — low Seedling Weak Potential pest High
(polyphagous) | (occasional presence)

Seedling Somaticus angulatus Occasional High — low Seedling Weak Potential pest High
(polyphagous) | (occasional presence)

Natural Cotesiaspp. Certain High - medium} Anytime Strong (Natural engmy None 1

enemy

Natural Sturmiopsis parasitica | Occasional Low Anytime Strong (Natural enemy) None 1

enemy (certain in

Zimbabwe)

*Based on a selection matrix developed by Andow ibétk (2004a).
**Species that were considered most important wen&ed 1.

***The degree of feeding specialization and assi@mwith the crop (host plant range); Weak = speaf polyphagous nature, the species is not depeiath
the crop for survival; Strong = narrow host rangd the crop may be important in species ecologyldol = not enough information available.
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Although many species have an unknown ecologicattfan, this does not imply that
their ecological function is insignificant. Of thepecies with unknown ecological
function, Andow & Hilbeck (2004a) suggested thaitsh with a high standing biomass or
those that are found in frequent association wliign &M crop habitat should also be
selected for testing. By explicitly considering Bigpecies for initial non-target testing, a

scientifically justified precautionary approachngoduced into risk assessment.

Data collected, field observations and expert apinivas used to develop selection
matrixes in which species were selected on thesbabeheir occurrence, abundance,
presence and linkage in the maize ecosystem (T/aBje The aims with development of
these matrixes were to establish options and iyekiiowledge gaps for future research
and select possible species for post-release inmpawitoring studies. The most common
species wereS. calamistis H. armigera A. segetumH. arator, S angulatus and St
parasitica The first five species are directly exposed tarBitize butSt parasiticaonly
indirectly through parasitization of host larvaattdirectly consumed Bt maize. The most
important non-target species according to TablewagS. calamistis H. armigerg A.

loreyi, Cotesiaspp. andst parasitica

7.3.3. Trophically mediated exposure to GM plant ad transgene products

This step analyses possible causal pathways ofsex@do the GM plant and toxin, and
potential impacts of the GM plant for high priorgpecies identified during the previous
step (Birchet al, 2004). The purpose of this evaluation is toed#htiate candidate test
species likely and unlikely to be exposed to theédRin, and for the former, to guide the
design of the exposure system in the test proto@&itsh et al, 2004). Potential likely
exposure can occur through many pathways. Any agget organism feeding on the GM
plant or parts of the plant may come in contachwiite transgene and its product. The
number of possible pathways is immense. It has lesémated that there are over 250
different exposure pathways by which a transgeonédymt or its metabolites could affect
a secondary consumer, of which only a few are tieffects of the transgene product
(Andow & Hilbeck, 2004a).
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Because information on the expression levels gbrBteins in maize in general, as well
as in different plant parts differ and in some amstes are doubtful, all herbivores feeding
on any Bt maize tissue should be expected to irge&ixin (Birchet al, 2004). Except
for the Diptera and Hymenoptera, all the non-tatggbivores listed in Table 7.1 ingest
Bt toxin and are considered primary consumers ofirBize plants. Although these
species feed directly on the plant, they feed dferdint plant parts, depending on guild,
which can lead to ingestion of different amountsBoftoxin on account of differential
expression levels (Andow, 2002; Duttenal, 2003).

Indirect exposure of natural enemies, suchCasesiaspp. andSt parasitica happens
indirectly when stem borer or other host larvaedfea Bt maize and ingest Bt toxin.
Parasitoid larvae are very likely to be tritrophigaexposed to Bt toxin and/or
metobolites if host larvae survive on Bt maizes lalso known that some parasitoids feed
on pollen and could ingest Bt toxin, but when fegdon nectar-like guttation fluid it is

less likely to ingest Bt toxin than when feedingpmilen (Birchet al, 2004).
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Table 7.3.Ecological and behavioural attributes

used to compile preliminary risk assessment. *

of LepidopteColeoptera and Diptera species, and the effiod8t maize against each species. Information

Attribute Busseola fusca | Chilo partellus Sesamia Helicoverpa Agrotis Heteronychus Somaticus Sturmiopsis
calamistis armigera segetum arator angulatus parasitica
Toxicity of current | High High High High to low Low None None None
Bt plant ****
Other Bt crops None None None Yes ? None None Parasitoid, doesasut
to be controlled
Diapause Yes, No, No Yes, in pupal No No No No
3-6 months larvae becomes stage
during winter quiescent
Larval dispersal Larvae balloon | Larvae balloon ong Larvae balloon Large larvae are| Larvae crawl | Larvae crawl Larvae crawl ?
one to several | to several meters | one to several cannibalistic several meterg several meters | several meters
meters meters
Adult dispersal ? ? ? ? ? ? ? ?
Generations per 3 5 5 5-6 ? 2 1 ?
year **
Generations in 3? 5? 5? ? ? 1? 1? ?
maize **
Duration of life 40 - 65 25-50 40-70 40 -50 42 - 175 266 - 300 200 - 300 35-40
cycle (days) **
Abundance in wild | Rare Rare Common Common ? ? Common ?
hosts
Fecundity ** 1000 eggs 500 eggs 1000 eggs 1600 eggs 1000 eggs — 8(6ggs 15 - 40 eggs 500 — 900 maggots
Egg batch size ** 10-80 50 - 100 20 -100 Single eggs Singly or in Single eggs Single eggs Distribute maggots
groups singly

(Compiled on the basis of experts opinions oB.Jl van Rensburg, T.W. Drinkwater, H. du Pled3isConlong and J. van den Berg)

* Based on Fitet al (2004); ** May vary according to environmentainglitions; *** Grist, 1975; **** Based on feedingtudies conducted
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7.3.4. Hazard identification and hypothesis developent (Adverse-effect scenarios)
Those species that are given the highest priohibylsl be the candidates for testing. This
final selection process is not a purely scientine, but it should be transparent (Andow
& Hilbeck, 2004b). Scientific literature was usexdompile Table 7.3 and in this table
knowledge gaps can be highlighted for these identibriority species. These knowledge
gaps can be considered in future research. Artriditisn of a possible foodweb (Fig. 7.1)
was made to assist in development of hypothesdsifibrer study. In this diagram, which
represents only a few herbivorous species, the oty of the food web in a maize
ecosystem is realized and it highlights the compleX the system has yet to be
described. An estimated minimum number of 300 gseoff arthropds occur in maize
fields in South Africa and attempts to describe thiodiversity are under way (Personal

communication, J. van den Berg, North-West Univg)si

Knowledge on diversity, survival and infestatiowdts of non-target species on maize
can be used to guide the hazard identification gge@and development of hypotheses
relevant for risk assessment (Bir@t al., 2004). From this study three non-target
Lepidoptera specie$(calamistis H. armigera andA. segeturjy two Coleoptera species
(H. arator andS. angulatu3, and one Diptera natural enemy speciisparasiticg were
considered in further testing the effect of Bt neaiBased on species distribution and the
fact that some of these species are well studiexkral species such as these could be
recommended for inclusion in pre-release testingrt & Dracup, 2000; Birclet al.,
2004) and impact assessments. The major hazardxiatssl with these primary
consumer species are that they might become signifisecondary pests and may

develop resistance because of their continuoussexpdo Bt toxin.

In this studyS. calamistiswas the only Lepidoptera species closely relatethe target

stem borers evaluated in feeding studies, usingzenaarieties expressing CrylAb
protein (event MON810 and Btl11l) (Chapter @gsamiacalamistiswas studied because
it is a stemborer species that is closely assatiaiéh maize and wild host plants that

occur around the maize cropping system. Altho8gtalamistisoccurs at low infestation
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levels it is ranked as a high priority species (€ah2) based on several aspects regarding
its biology and ecologySesamiacalamistiscan occur during the whole cropping season
and causes damage to the leaves, stems and gdantst The geographical distribution
and prevalence of this species also changed dthiengast decade. This species used to
be considered a pest in warmer coastal areas Bugihee 1995 been observed on sweet
corn on the Highveld region as well as centre pixggation systems in the North-West
and Northern Provinces where it causes serioudd staductions (Van den Berg &
Drinkwater, 2000). The fact th& calamistisis noticed largely on irrigated maize adds
to its linkage with Bt maize, since this is thefpreed crop under centre pivot irrigation.
The linkage ofS. calamististo maize may be weak in the more sub-tropical &itittde
areas where it has several wild host plants araatacks other crops (Van den Betg
al., 2001). However, its linkage with maize in thegklteld region of South Africa and
especially in semi-arid areas where maize is pthateler irrigation may be strong since

few or no wild hosts are present.

The ear-feeding Lepidoptera i.el, armigeraandA. loreyi were also regarded as priority
species and received high rankings (Table 7.2).effeets of Bt maize was evaluated for
H. armigera (Chapter 4), but not foA. loreyi. These two species are abundant in many
Bt and non-Bt maize fields during the post-flowgrstage (Van Wylet al, 2008). The
presence and occurrencefofloreyi on maize, as indicated in Table 7.2 was high siihce
attacked the crop from the seedling to the postdling stages and was recovered in the
majority of fields during previous surveys (Van Wgk al, 2007). Feeding damage
caused byA. loreyi to maize ears are the same as thad.airmigera but this species is
sometimes also a voracious feeder on maize ledfesmany uncertainties regarding the
biology, distribution and host plant rage Af loreyi, together with its capability to
survive on Bt maize contributes to the importantéhis non-target species. The linkage
of A. loreyi with the maize ecosystem is uncertain and onlynavidd host plants of this
species are known (Van Wyl al, 2007).
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Figure 7.1.lllustration of the complexity of the maize ecasys with only a few non-target species; what tosoder when assessing

the risk of a GM crop to non-target species and mwecognise knowledge gapsl the statements made here are supported bytificie
literature: Kfir, 1995; Polsazek & Khan, 1998; V@en Berg, 1993; Van den Berg et al., 2001; Vis2@09).
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Helicoverpa armigerahas the potential to be exposed to Bt-toxin faiqmged periods,
since its presence inside the maize crop can be the seedling to soft dough stage.
With its high abundance and common occurrence €Trald) this species could become a
significant secondary pest. A strong linkage betwmaize andH. armigerais evident
when no other host plants are present, but linkagealso be weak when a wide host
range occurs. The information matrix provided irbl€a7.2, indicates that this species
has the highest maximum potential exposure to Bhtd\ study conducted by Van Wyk
et al (2008) indicated thatl. armigeralarvae do survive on Bt maize ears under field
conditions, but their numbers were always signiftba lower in Bt maize fields

compared to non-Bt fields.

This study and others (Van Rensburg, 1998, 200bweld that Bt maize is highly
effective against the target stem borer spe@iejscaandC. partellusunder laboratory
and field conditions and that their numbers on fglame reduced to insignificant levels. It
is important to keep in mind that once a niche sashthat occupied by stem borers
becomes vacant, the possibility exists that othepidoptera species could become
secondary pests. It may, however, also be the tt@$d¢he numbers of non-target pests
decrease or are not affected at all (Peacsichl., 1998). Species that may possibly
occupy such a vacant niche origefuscaandC. partellusbecomes locally extinct in an

area could bél. armigeraor A. loreyi.

Eublemmeagaynerican be considered to be a “value unknown” spani¢ise wild and it

is not possible to speculate on the effects that rasult should Bt maize have negative
or positive effects on their numbers in the wildisl ranked lower in importance than
other species since little is known about it arsldlihkage with maize is probably not
strong. The presence of this species on maizedsrtain and it has only been recovered
from silk of plants during the post-flowering stagdsing the criteria of Andow &
Hilbeck (2004b)E. gayneriis such a value-unknown species that could beidered for

further testing.
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Agrotis segetumand S. exiguawere considered of lesser importance than the above
mentioned non-target species (Table 7.2). Theseiegpecould, however, also be
considered in future pre-release impact assessmemsuntries where they occur and
post-release monitoring of pest status and resstadevelopment in South Africa.
Agrotis segetumis an important maize pest, but it only damage&enaeedlings. Its
presence in the maize system is therefore shortitanihkage weak since it is only
directly exposed to maize during the seedling stagkbecause it prefers weeds to maize
(Van Rensburg, 1994; Drinkwater & Van Rensburg,2)99

Spodoptera exigues considered a species of lesser importance beaafuits occasional
occurrence and low abundance in maize in SoutrcéfrAlthough the abundance &f
exiguais low in the majority of seasons, solitary lanadten feed on maize seedlings and
cause damage resembling thatCopartellus(Van Rensburg, 1999). Outbreaks do occur
from time to time, from there the common name, dessmy worm (Van Rensburg,
1999).

The two Coleopteran specids, arator andS. angulatuswere included in the ecological
model because they can be regarded as two of teeabandant beetle crop pest species
in South Africa (Drinkwater, 1990; Du Toit, 199830oth these species received the
lowest ranking (three) in table 7.1. These beeattes be considered of lesser importance
because they belong to the Coleoptera and are krasasporadic pests. Although of
lesser importance these species were consideredsting because no other coleopteran
species were previously evaluated in South Africddtermine the effect of Bt maize.

Cotesia sesamia€Cameron (Hymenoptera: Braconidae) aStlrmiopsis parasitica
(Curran) (Diptera: Tachinidae) are the most wideagdrand abundant indigenous larval
parasitoids of stem borers (Bonhetfal, 1997).Sturmiopsisparasiticais an important
larval parasitoid of gramineous stem borers in &sfriChinwadaet al, 2004). This
parasitoid have been recorded on various lepidaptetem borer species, includiBg
fusca C. partellus Chilo orichalcociellus(Strand) (Crambidae) (Bonhet al, 1997),
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Coniesta ignefusaligHampson) (Crambidaekldana saccharingWalker) (Pyralidae),

S calamistis Sesamia nonagrioideBams & Bowden (Noctuidae) (Polaszek, 1998) and
Acigona ignefusaliHampson (Pyralidae) (Nagarkatti & Rao, 197Ghtesiasesamiae
have been recorded @ fuscg C. orichalcociellus C. partellus E. saccharina andS.

calamistis

Both these parasitoid species received a rankingnef because they constitute a very
important component of the natural enemy completheftarget pests of Bt maize. It is
difficult to speculate about the effect of Bt ma@e natural enemies because this may be
affected by the exposure pathway. In the cas® pérasiticaandCotesiaspp. the effect

is direct because parasitic larvae consume the evhokt larvae (Dent, 2000). Kfir
(2002) reported that a partial removal of naturamies from a cereal crop field could
bring about a substantial increase in stem borenbews. This indicates that in South
Africa indigenous natural enemies have the abittguppress stemborer populations and
reduce pest numbers. This is important for themseovation as resident natural enemies
for the control of stem borers. Thus, if parasittéivae are negatively effected by

feeding on stem borers that survive on Bt maizamdiorer numbers may increase.

7.3.5. Experimental endpoint for the ecological masl

An appropriate experimental end point for initiglsting is the generational relative
fithness or some component of relative fitness (Amdb Hilbeck, 2004b). Generational
relative fitness is the relative lifetime surviald reproduction of the non-target species.
Thus, survival experiments should last at leasiugh one full generation, including all
the immature stages of the non-target species (Wr&ldlilbeck, 2004a, b). The duration
of the test should correspond to the time the aoget species would be exposed to the
GM plant or plant parts. If the GM plant were tovaxsely affect non-target species in the
environment, its effects would come through somemmnent of relative fithess. The
result from such an initial testing would guide thesign of further ecologically realistic
experiments (Birclet al, 2004), as was done with calamistis(Chapter 2)A. segetum

(Chapter 3)H. armigera (Chapter 4)H. arator (Chapter 5)S. angulatus(Chapter 5),
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andSt parasitica(Chapter 6). Feeding- and tri-trophic studies wemeducted with these

species which were selected from the ecologicalehod

Feeding studies conducted wigh calamistis showed that this stem borer species is
highly susceptible to Bt maize events expressind &b and that no survival occurred in
the laboratory (Chapter 2) (Van Wk al, 2009) and greenhouse experiments (Van den
Berg & Van Wyk, 2007). Becaus® calamistisalso belongs to the stem borer complex
on maize in South Africa, this species can now hksoegarded as a target species that is
being controlled by Bt maize&esamia calamistis stenophagous and occurs in mixed
populations with other borer species with whiclshiares several parasitoid species in
Africa, thus the ecological impact of local extioct of S. calamistis caused by this
highly effective transgenic event is therefore exgpected to be great.

Results of the feeding study conducted withsegetum(Chapter 3) showed that the
effect of CrylAb toxin on the biology of larvae anibths were largely insignificant.
Although there were no significant differences bs#w survival and mass of larvae
feeding on Bt and non-Bt seedlings for a periodmbroximately two weeks, significant
differences were observed in the percentage pupatier time. Larvae feeding on non-
Bt seedlings of hybrid Brasco reached a highergygege pupation over a shorter period
of time compared to larvae feeding on event Btlhdeét field conditions, this can
possibly influence the number of seedlings thatdarmay feed on before pupation. It
can be concluded that, although significant effe¢tBt maize expressing CrylAb @&n
segetumwas observed in some instances under laboratorglittens, Bt maize events
MONBS810 and Bt 11 will most likely not have any effeon this non-target pest under

field conditions.

Feeding studies conducted (Chapter 4) witlarmigeraindicates that larvae feeding on
Bt ears were always smaller than larvae feedingamBt hybrids which contributed to a
delay in development. Because of the lower levesw¥ival on Bt ears much less ear
damage occured on Bt ears compared to non-Bt plémtsonclusion, this study has

qguantified the effects of Bt maize hybrids on ther-eeeding maize bollwormH.
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armigera It provides important information on the potehttdBt maize to protect maize
from H. armigerafeeding damage. However, the likelihood-bfarmigerabecoming an

important secondary pest is high.

In Chapter 5 the feeding studies indicated thatettveere no significant effects dt.
arator mortality, mass, fertility or fecundity when feadion Bt maize. The same results
were observed fo. angulatus with no effect on survival of second and foumistars.
Also no significant effect was observed on larvalsshor fecundity. Therefore, it did not
matter if these beetles or their larvae fed on Bize, there were no adverse effects. This
statement makes it easier for future researchtteven consider one of these coleopteran

species in further testing of the effect of Bt neatontaining CrylAb.

The tri-trophic study conducted witht parasitica (Chapter 6) indicated that although
not always significant, the percentage parasitisBteconsuming host larvae was always
higher compared to host larvae that fed on non-&ize It could be that Bt toxin affects
B. fuscafitness to such an extent that the immune systefnisost larvae were less
effective than host larvae that fed on non-Bt maikke different parameters tested
indicated only one case where maggots originatiogh fdiapause host larvae feeding on
non-Bt maize had a greater mass compared to hoselséhat fed on Bt maize. The same
applied toSt parasiticapupal length. For the rest of the parametersdestere were no
significant differences. Although some adverse affavere observed ot parasitica
mass and pupal length it is most likely that thif mot contribute to adverse effects in

the field, but rather that there is synergism betwBt maize an&t parasitica

Studies by Van Rensburg (1998; 2001) and Sieglal (2005) have shown that the
generational fitness of the target peBtsfusca and C. partellus feeding on Bt maize
(event MONB810) is extremely low with no survival the adult stage reported.
Appropriate methodologies and protocols to assegsshould be developed for high
priority species (Birchet al 2004), as identified and conducted in this study.
Conventional ecotoxicology methodologies are sutggely Birchetal. (2004) to assess

effects of exposure to the transgene products. wAofe plant” methodology is also
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required to evaluate the effects of the whole gang plant, not just the transgene
product (Birchet al., 2004), such as that used for all the feedinglietuconducted

throughout this entire study.

7.4. Conclusion

The selection matrix (Table 7.2), together with theormation on species mentioned
above, can be used to decide which species tosussiaspecies for the future and which
can be eliminated. In the case of event MON810RBid, it can now be concluded what
the possible effects of these proteins will be acheof these species. However, this is not
where it stops, since there is still many non-tagpecies in other functional groups that
need to be tested. This methodology should be deresil for each GM crop or new event

produced.

Hillbeck et al (2006) have developed this scientific, case-$jecstep-by-step
methodology to support non-target environmentd a@ssessment that aims to evaluate
the actual potential environmental risks of a GMnplrather than rely on indicator
species. This methodology is a screening processctinsiders all possible non-target
species and adverse effects and eliminates thasaurh less likely to result in an adverse
effect on the environment. It starts by using djpeénformation about the crop and
geographical region to develop a list of non-tagcies and ecological functions that
could be most at risk (Hillbeatt al., 2006).

In conclusion, this chapter described the use efettological model to identify priority
spesies and non-target species which could betaffdzy Bt maize in South Africa.
There is still a further need to evaluate possilnle-target species and adverse effects on
these species which were not tested in this sthdyn the study conducted here some
species can be eliminated for further testing, &inédsearch on others has to continue

before a conclusion can be drawn. While this stadyely made use of results based on
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feeding studies in the laboratory, possible effet$® need to be monitored in the actual

environment following release of GM crops.
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CHAPTER 8: Conclusion

Civilization began with agriculture (Anon, 1996).sfable agricultural industry ensures a
country of food security and food security is cdesed to be one of the primary
requirements of any nation (Gravlee, 2009). ThedrFaad Agriculture Organization
(FAO) defines food security as the situation thasts when all people, at all times, have
access to sufficient, safe and nutritious food tim&ets their dietary needs and food
preferences for an active and healthy life (FAQ)®O0 Sustainable agriculture and food
security are critical foundations that underpin lnnsociety (Altieri, 1995; Gravlee,
2009) and it also refers to the ability of a faro groduce crops indefinitely and

profitably, without damaging the ecosystem (Altie:995).

At present there are about 6.79 billion peoplehim world (Wikipedia, 2009) some 800
million of whom are not receiving adequate nourishin which places continuous
pressure on agriculture to provide adequate foodrgg. By 2020 the world population
will have grown to almost eight billion people (IPC998), which continue to be a
challenge for agriculture to provide food securitere is no unique solution to the
problem of sustainable agriculture, but the develept of improved plant varieties with
enhanced performance and reduced environmentakingpane beneficial strategy. The
potential of GM crops to make major contributioms food security and agricultural
sustainability worldwide is indisputable (Christ&uCapell, 2009). It is recognized that
biotechnology is not a magic wand that can achsaainable agriculture and free the
world from poverty, hunger and malnutrition, bu¢ thse of GM plants as one component
of a wider strategy including conventional breedmgd other forms of agricultural
research can contribute substantially towards tieesement of these goals, both now
and in the future (Christou & Capell, 2009).

Currently, an estimated 37% of all crop productismannually lost to pests (13% to
insects, 12% to plant pathogens, and 12% to weedsg)ite of the use of pesticides and
non-chemical controls (Pimentet al, 1993). The share of crop yields lost to inséeis

nearly doubled during the last 40 years precedi®®31 despite more than a ten-fold
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increase in both the amount and toxicity of synthetsecticides used (Pimentet al,
1993). The losses sustained in crops due to thmbsteer, Busseola fuscgFuller)
(Lepidoptera: Noctuidae) (target species of Bt maim South Africa) have been
estimated in South Africa and more northerly caestfrom 5% — 75% and even higher
(Annecke & Moran, 1982). Perhaps more in an attefimptonsistency than the result of
accurate observation, it is almost generally a@mbftat stem borer impact reduces crop

yield, on average, by 10% (Annecke & Moran, 1982).

These losses need to be controlled and by usimgaite this is possible. In comparison,
the average positive yield impacts from using Bizman other parts of the world have
been in the range of +5% (US and Canada) to +24% Rhilippines) (Brookes, 2009).
Insect pests are therefore an important targetGigr technology (Christou & Capell,

2009).

Pimentelet al (1993) reported that approximately 62 million &f insecticides are
applied to 5% of the total agricultural land in tb&. The wide adoption of Bt maize
have led to significant reductions in insecticide (Brookes & Barfoot, 2006; Fitt, 2008;
Hellmich et al, 2008; Kennedy, 2008). The technology has redpesticide spraying by
224 million kg (equivalent to about 40% of the aalhwolume of pesticide active
ingredient applied to arable crops in the Europgaion) and as a result, decreased the
environmental impact associated with pesticide gemore than 15% (Brookes &
Barfoot, 2006). This reduced insecticide use, inj@action with the selective activity of
Bt toxin, results in a more favorable environmemtbeneficial insects (Kennedy, 2008),
including natural enemies of pests (Hellmethal, 2008).

It is clear that it is of great importance to irase food production for the growing human
populations, but we have to keep in mind while dosp to protect the sensitive
environment. We need to ask ourselves the queddmes the need to provide adequate
food not overshadow conservation of the environm&he golden rule to remember is
that without the environment it will be impossilieproduce food. Therefore, we need to

manage our environment to be as sustainable asbjgs&griculture is an important
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environmental quality driver (Hails, 2002), and éffect is not likely to diminish in the
future (Tilman et al, 2001). Unfortunately, the need to balance pabiiity and
environmental stewardship is a significant economnt scientific challenge, since
agriculture by its very nature is one of the mogiensive and environmentally harmful
practices carried out by humans (Christou & Ca@9). The extent and methods of
agriculture have demonstrably led to extensive padnanent loss of biodiversity in

many localities (Devine & Furlong, 2007).

Like all other control tactics that have adverdea$ on the environment, it is likely that
GM crops will not have any adverse effect. It i$ycen question of how do the producers
use this technology to cause minimal impact ongheronment and that is why it is
necessary to do sufficient risk assessment by momig possible effects. To do risk
assessment there are different suggestions tonfdlutton et al, 2003; Loseyet al,
2003; Andow & Hilbeck, 2004a; Andow & Hilbeck, 2084 Romeiset al, 2006;
Kennedy, 2008; Romest al, 2008; Romeigt al, 2009). For the purpose of this study
the ecological model as described by Biethal, (2004) and Hilbeclet al, (2006a) was

followed.

Hillbeck et al (2006a) have developed this scientific, caseipgcstep-by-step
methodology to support non-target environmentd assessment that aims to evaluate
the actual potential environmental risks of a GMnplrather than rely on indicator
species. This methodology is a screening procestsctinsiders all possible non-target
species and adverse effects and eliminates thatsaurh less likely to result in an adverse
effect on the environment. It starts by using dpecenformation about the crop and
geographical region to develop a list of non-tagmcies and ecological functions that
could be most at risk (Hillbeost al, 2006b). In the present study a list of speatesd

on and in maize fields was compiled and specigswhee most abundant were evaluated
in feeding or tri-trophic studies. These speciesevwadso identified as priority species in

the selection matrix.
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Results from feeding studies indicated tBasamiacalamistis(Lepidoptera: Noctuidae)
was just as highly susceptible to Btll than eve@®N810. The behavioral characteristic
of larvae to feed behind leaf sheaths and to estéens directly did not result in escape of
exposure to the toxin. Larval feeding on leaf sheaherefore resulted in the ingestion of
sufficient toxin to kill larvae before they enterethize stemsSesamia calamistiss
stenophagous and occurs in mixed populations wttieroborer species with which it
shares several parasitoid species in Africa. Tlodogecal impact of local extinction &
calamistiscaused by this highly effective transgenic everiherefore not expected to be

severe.

Feeding studies conducted in the laboratory whtbrotis segetum(Lepidoptera:
Noctuidae) indicated that the effect of CrylAb torn the species’ biology were largely
insignificant, however, some differences were olegr Comparing first instar larvae
that fed on conventional (non-Bt) maize, Bt maimk ribt affect survival. There were no
significant differences between survival and mds®urth instar larvae for the different
treatments, however, significant differences webseoved in the percentage pupation
over time. Larvae feeding on non-Bt seedlings gbrid Brasco reached a higher
percentage pupation over a shorter period of tiorapared to larvae feeding on event
Btll. Under field conditions, this can possiblyluince the number of seedlings that
larvae may feed on before pupation. Fewer eggs laetdby moths when fed as larvae
on maize event Btll compared to MONS810. It can backided that, although
significant effects of genetically modified maizepeessing CrylAb oi\. segetumwas
observed in some instances under laboratory congitiBt maize events MON810 and

Bt 11 will most likely not have any effect on timen-target pest under field conditions.

In laboratory and greenhouse studies conductedhiétitoverpaarmigera(Lepidoptera:
Noctuidae) ¥ instar larvae feeding on whorl leaves and earseatively, it was observed
that whorl leaves were not a suitable food sourwkwahen feeding on ears larval mass
increased on non-Bt maize whereas no increasereccan Bt maize. In this study larvae
feeding on Bt ears were always smaller than lafeaeling on non-Bt hybrids which

contributed to a delay in development. Larval dgthiment did occur on a few ears of Bt
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maize plants, but once established in ears, latteseloped more slowly. From this study
it is concluded that Bt maize will suppreldls armigera infestations but not to levels
approaching 100%. A study conducted by Van Veéylkal (2008) confirmed the same
results, indicating thaH. armigera larvae do survive on Bt maize ears under field
conditions but their numbers were always signifisalower in Bt maize fields compared
to the non-Bt fields. In conclusion, this study lo@sntified important information on the
potential for Bt maize to protect maize frd#n armigerafeeding damage. However, the
likelihood of H. armigera becoming an important secondary pest is higglicoverpa
armigerahas a history of demonstrated potential in devatppesistance to virtually all
the insecticide molecules used against it (Kraatlal., 2005), therefore it could also be
the case with Bt maize. Although this pest is autfgesuppressed by Bt maize it could
develop resistance, which, in that case, would miaiktee only ear feeding lepidopteran
of importance, with the opportunity of invading thacant niche usually occupied by
other ear feeding lepidopterans (target pestsjhif would happen, chemical control
measures, similar to those applied against sterarddrefore the advent of Bt maize,

would again become necessary.

All three the above mentioned lepidopteran speloedsng to the Noctuidae family, but
the effect Bt maize had on these species diffemfane anotherSesamiacalamistis
which also belongs to the stemborer complex, idrotad effectively by the Bt maize
events also controlling the two target stemborescEs, Busseolafusca (Lepidoptera:
Noctuidae) andChilo partellus (Lepidoptera: Crambidae). The question still remaaf
this now allows us to regar8 calamistisas a target species of Bt maize or not.
Helicoverpaarmigerais being suppressed by Bt maize although not obett, but still
may cause damage to maize ears. Howddegrmigerawill need to be monitored for
resistance development. In contrast to the aboveiomed species, Bt maize almost have
no effect at all orA. segetumThus is it clear that the Bt toxin has differefiects on
different species even though they belong to thmeséamily, therefore it is of great
importance to monitor these effects on all poss#iglecies that comes into contact with

Bt maize, directly or indirectly.

146



The feeding studies conducted to determine thecteffeBt maize on mortality, growth
and fertility of Heteronychusrator (Coleoptera: Scarabaeidae) éwmaticus angulatus
(Coleoptera: Tenebrionidae) showed that the efd@dCrylAb on the biology of these
two species was insignificant. Most of the previstisdies in South Africa focused on
the effect of Bt maize on the target and non-tarigepidoptera. Considering this
situation, this study also investigated the infeeerof Bt toxin (CrylAb) on the growth
and survival of insect pests from other orders. fdlend it necessary to determine the
effect of Bt maize (CrylAb) on the two serious pesieopteran species found in South
Africa. Experiments showed that it did not matteome of the beetle species or their
larva fed on Bt maize, there were no adverse effdetom this knowledge it can be
concluded that these two beetle species can beuefh the risk assessment to determine
the effect of Bt maize expressing CrylAb. The fagdstudies conducted here were

sufficient and further field studies will not beaessary.

To date no tri-trophic study had been conducte8onth Africa to determine if there is

any effect of Bt maize on parasitoids. Tri-tropisttidies to determine if there is any
effect of Bt maize orsturmiopsigarasitica (Diptera: Tachinidae) when parasitizing Bt-
resistanB. fuscadiapause or fourth instar larvae that have fe@tomaize indicated only

one case where maggots originating from diapause laovae feeding on non-Bt maize
had a greater mass compared to host larvae thainf& maize. Although some adverse
effects were observed @t parasiticamass and pupal length it is most likely that this

will not contribute to adverse effects in the field

Why should we be concerned about the potentialtanyet effects of GM crops or any
other pest management tactic? The answer lies anettological roles or “services”
provided by these species. These non-target spgl@gwvital roles in agroecosystems. If
GM crops or any other factor has a negative impacthis species, those ecological
functions may be threatened (Losstyal, 2001). Of the above mentioned species some
can be included in risk assessment, suclsasalamistis A. segetumH. armigeraand

St parasitica whereas some can be excluded, sucH.amator andS. angulatus. The

feeding- and tri-trophic studies conducted withsthepecies in the laboratory, concluded
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which species need to be evaluated further initdd fo determine if there will be any
adverse effect in the environment. Finally, the ami@nce of observing the non-Bt refuge
strategy can not be over emphasized. The refuge does not only play an important
role in resistance monitoring but also createspédect environment for all the non-
target species to survive. The remaining questius ts: Is the refuge big enough to

support these vital ecological functions?
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